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1. Summary 
After the shutdown of the Swiss Beer Factory Cardinal located in Fribourg, the state and the city of Fribourg decided 
to transform this industrial site in an innovation quarter called BlueFACTORY. The Swiss Federal Institute of 
Technology in Lausanne (EPFL) was invited to join the project for the creation of a national center for technological 
innovation in the built environment. This is how, together with the University of Fribourg (UNIFR) and the School of 
Architecture and Engineering of Fribourg (HEIA-FR), the smart living lab was born in 2014.  
 
One of the projects of the smart living lab is the design and construction of its own building, at the cutting edge of 
research and best practice on sustainability. Before the construction of the smart living lab, a preliminary research 
program has been set-up to define the scientific specifications to be faced by the future designers and the way to 
integrate them into the construction. This project, called Building 2050, proposes to study different aspects such as 
the architectural quality, the climate changes, the environmental performances, the flexibility and the local economy. 
 
The planned smart living lab is a mixed-use building (residential, offices and experimental lab at the same time). This 
construction must correspond to the intermediate objectives of the vision of the 2,000-Watt Society model by the 
middle of the 21st century. The present report is the first deliverable of the Building 2050 project.  
 
The Kaya identity is usually used to identify the main contributor of CO2 emissions by human activity. By applying it, 
we propose the means to achieve sustainability. As a result, the three main components of this well-known relation 
are the main topics discussed, namely the Life Cycle assessment (LCA), the flexibility and the energy strategy. In this 
report, these aspects are being contextualized thanks to a state-of-the- art, followed by a rough strategy for the 
building design process, and proposal of scientific research topics that could be investigated during the Building 2050 
project. 
 
 
The Life Cycle Assessment Chapter 
A Life Cycle Assessment (LCA) evaluates environmental impacts attributed directly to a product, goods or service 
throughout its lifecycle. Environmental impacts as a whole consist of contributors such as building, mobility, food, 
consumption and infrastructure. An extensive review of the literature is conduct to put the design of the smart living 
lab building in the context of LCA research fields. In this way, different preliminary issues are solved.    
  
Methodologies, databases and software, which are usually used when assessing environmental impacts, are 
presented. Nowadays, the difficulties linked to LCA are the databases and the software; their inherent limits are 
pointed out.  One of the major problems in LCA is the significant expansion of the boundaries of a considered 
problem, e.g. from a single product to a district or even a city. Conducting a LCA study could become then very 
complex, especially for a system or a service. 
 
Out of the huge amount of different indicators used in LCA, the 2,000-Watt Society model suggests three relevant 
indicators. They are namely the cumulative energy demand, the non-renewable cumulative energy demand and the 
Global Warming Potential (GWP) indicator. Their respective targets are 2000W, 500W and 1t of CO2-eq. Based on 
these goals, together with the present key repartition between the different contributors, a top-down approach is 
used to determine the targeted values that the smart living lab would have to reach to have environmental 
outstanding performances (the 2050’s objectives). These targets are specified according to the space functionalities.  
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In current literature, no environmental impact study of urban area having considered all contributors has been found. 
Only embodied and operational impacts have been usually evaluated. Out of 200 buildings reported in the literature 
and based on some defined criteria, 20 buildings have been selected. However, none of them are able to reach the 
2050’s objectives.  
 
Based on the state-of-the-art, paths to improve environmental impacts of material or elements used in the 
construction of buildings have been identified. Despite the current possibilities to develop low/zero energy 
consumption buildings, the main issue is the minimization of embodied primary energies and greenhouse gases.  
 
An identification analysis has been conducted to determine the importance of the environmental impact of each 
element and material present in a building. According to their impact, a classification of these elements and materials 
is proposed. This process identifies which elements and materials must be firstly improved, and which others could 
be put aside when simplifying an LCA model. For example, ceilings and materials such as concrete and polystyrene 
have very high embodied impacts. Therefore, they cannot be neglected during the LCA study and must request high 
attention from architects and engineers.  
 
No strong correlations have been found between the three major indicators or between the embodied and 
operational environmental impacts. Yet, a very strong correlation between the non-renewable energy and the GWP 
indicators for the building’s elements has been identified. The level of difficulty to reach the GWP goal is higher than 
the goal for cumulative non-renewable energy demand. These conclusions would then enable us to consider in the 
future only two impacts, namely the cumulative energy demand and the global warming potential. 
 
Methodology, databases and software that will be used during the next research phase of the project have been 
emphasized. The main objective of the Building 2050 is the development of an LCA methodology for the design of a 
building able to reach the 2050’s targets. To succeed in this challenging task some specific research topics must be 
envisaged. These are as follows: 
 the simplification of the LCA model thanks to different strategies; 
 the identification of potential reductions of environmental impacts; 
 the optimization/improvement of high environmental impact of buildings part; 
 the investigation of the lifespan in building LCA; 
 the correlation between the improvement of the embodied impacts with better operation’s impacts;  
 the interaction between users, building and public space and understand how to improve the         
environmental impacts of the building.  
 
 
The Flexibility study chapter 
The main purpose of the flexibility is to optimize the ratio between the building volume and population of users. This 
definition leads to keeping the building usability performance at high level during the whole life cycle. This is, of 
course, connected to the users, their behavior and to the needs and requirements of the built environment.  
 
A review of 116 cases, where the usability is increased by the flexibility, is proposed and helps the reader understand 
the concept of building flexibility. Strategies and methods vary depending on each particular situation. This literature 
review covers various types of buildings including residential, educational, healthcare, and mixed-use buildings. Usual 
approaches and relevant practices are disclosed in order to achieve flexibility. 
 
Involved flexibility strategies concern usually components (foldable, movable, detachable and modularized), rooms 
(polyvalent/multifunctional, multi-access) and zones (open space with zones, space extension reservation, and space 
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modularization). Two main classes of strategies are described. The “hard” one provides designated changeable or 
movable components, products, or technology as a part of a completed building and its future possibilities. The 
second called “soft”, allows to keep a certain indeterminacy in design and construction, thus waiting for more precise 
information in the future.  
 
The estimated lifespan of the current buildings induces the need to introduce the idea of flexibility into the entire 
building lifecycle. It is suggested that the changes of the short-lifespan products should influence the ones with longer 
lifespan as little as possible. Making irreversible decision more reversible or postponing uncertain decisions until 
more information becomes available, may be used to support the decision-making. The needs and requirements 
strongly contribute to the final value of the space usability. The availability of this information on needs and 
requirements determines the design and construction methods that would apply.  
 
Based on this review, a methodology for designing flexible building is proposed. At first, two questions must be 
answered: 
1) When is the right time to fix the design of each component and how it is it possible to postpone decision-
making? 
2) What must be the right components or equipment and facilities of the building? 
 
The method proposes to divide the construction process into two independent parts: Project A and Project B, 
according to the available information about needs and requirements. Project A corresponds to the already fixed 
information coming from macro contexts. Functional space units of the whole building could be designed first as a 
part of the primary building. Project B should be designed in a second phase and must respond strictly to the needs 
and requirements of the users. It could include more specific design of the floor plan, arrangement of internal 
partition walls, layout of rooms, technical services at the room levels and some specific furniture and equipment.  
 
Based on the review of the collected cases, some recommendations that may enhance building flexibility are 
proposed. These recommendations involve: 
 The layout of the building (regular pattern, small grid frame and universal space dimension); 
 The number of functions a volume could support; 
 The accessibility of space units, facility components and vertical ducts; 
 The increase of the usable building space, story height and bearing capability; 
 The facility components (the use of universal types and ability to disconnect them); 
 The independence of volume layers and zones, but also of walls and skins from the building structure; 
 The neutralization of space units and structures. 
 
Some scientific research topics for the flexibility study have been identified. These are as follows: 
 The interaction between users and the construction components; 
 The correlation between users, lifespan and environmental impacts of the construction components; 
 The possibility to integrate a building flexibility criteria into the whole building lifecycle design. 
 
 
The Energy strategy chapter  
In the first part, the internal comfort requirements are defined, depending on the affectation of the volumes. The 
limits for the parameters playing an important role for the sensation of comfort are reviewed, as well as the ones 
that cause health or technical problems.  
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The external context, e.g. the climatic conditions is exposed. The low temperature and relatively high humidity are 
the parameters that characterize the Fribourg area and make the site critical to moisture problems. Analyzing the 
future trends towards 2050, stronger summers and rising temperatures will be more frequent, as well as sky 
coverings, due to greenhouse gas emissions. The humidity and rainy days will increase and the peaks of direct 
radiation will be shifted to other period. These changes will therefore affect the passive strategies potential.  
 
The kind of energy resources that could be exploited on the construction site is investigated. The solar resource is 
strongly present but not distributed evenly (almost 50% of the radiation is concentrated from May to July). The shift 
between the energy production potential and the energy demand makes it difficult to cover the thermal needs of the 
building without seasonal energy storage. Because of this shift, and the unclear challenge to store electricity, 
photovoltaics is also handicapped. 
 
The wind’s average annual speed is too low to use it efficiently as a source of energy. The hydroelectric potential in 
the Fribourg region is already saturated. On the other hand, waste heat availability and easiness to implement 
geothermal probes could become an advantageous solution. The proximity of the railways could play in favor of a 
biomass power plant with power generation and heat recovery. To be efficient, this kind of energy availability could 
be useful, not only to the smart living lab, but also to other buildings of the BlueFACTORY. 
 
To understand the state of the art of the Minergie® houses, a deep analysis on case studies is addressed. Thermal 
loads are nowadays the main issue in Switzerland but more accurate assessment will be done to see if, with future 
climate, cooling may become an issue. For providing energy to the building, the wise use of current technologies is 
preferred to particularly innovative or complicated technologies. It is suggested to follow this path but to keep the 
possibility to combine innovative systems for the research and development.  
 
The full energy concept must be based on the sensitivity analysis related to climate, use and requirements changes. 
The concept should be an optimum between the operation phase energy and the embodied energy. 
 
Finally, a number of scientific research topics have been identified. These are as follows: 
 The implementation of thermal inertia regarding the life cycle target values; 
 The users/occupants interaction and their influence on the operating energy demand; 
 The components with limited lifespan and their influence on users’ comfort with passive strategies. 
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2. Introduction 
 
 
 
 
The vision of the smart living lab project is to create, in the heart of the blueFACTORY (Fribourg, Switzerland), a living 
and working space ahead of its time – i.e., the building itself - housing an interdisciplinary, inter-institutional center 
of excellence in the field of innovative concepts and technologies linked to the built environment – i.e., the contents 
of the building1.  
 
The building will, therefore, have to be in the forefront of the current practices, and will be an experimental support 
center for the future research teams it will house.  
 
The exceptional nature of the smart living lab project justifies the setting up of a preliminary research program, whose 
first objective is to define a brief with the scientific specifications to be faced by the future designers. The way to 
integrate these specifications into the construction process is also part of the research. 
 
This is the state-of-the-art report, the first deliverable of the Building 2050 research program. As defined in the 
previous report, next deliverables will be: 
1.  
2. Scientific concept: technical solutions and methodologies usable for the smart living lab building 
3. Workshops: scientific concept proofing by building professionals and scientists 
4. Scientific program (draft): translation of the scientific concept and the workshops into a brief for the future 
smart living lab designers 
5. Experimentations: prototypes construction, performance monitoring and feedback 
6. Scientific program: the definitive program that will be submitted to the smart living lab designers and that 
will include technical and performance specifications and recommendations. 
 
The report allows to understand the gap that we have to fill between the current best practices and the future 2050 
objectives. 
 
As it was previously proposed in the first report, we apply the kaya equation to the building environment in order to 
divide this complex issue into key drivers (Figure 1). Kaya’s equation shows, however, the interdependence of each 
one of these fields, since each research field depends on another one. 
 
                                                 
1   EPFL | UniFR | EIA, « smart living lab, Summary document, Version 6 », février 2014. 
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Figure 1 : Technical diagram of research field programs 
 
 
Based on this proposition, this report consists of three parts: 
 
 Part 1 introduces the current best practices and the environmental objectives that we will have to reach in 
2050 from a life-cycle analysis point of view, 
 Part 2 defines flexibility based on literature review and the best strategies to develop a flexible building for 
the smart living lab, 
 Part 3 provides an extensive overview of what energy strategies (active and passive systems) will have to 
face.  
 
Even if the framework is divided by three different research fields, a strong interdisciplinary approach has been 
developed to keep the coherence of the global project. 
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3. Lifecycle assessment: objectives, key parameters and methodology 
Authors: Endrit Hoxha, Thomas Jusselme 
 
3.1.  List of abbreviations  
PE Primary energy 
NRE Non-renewable energy 
CED Cumulative energy demand 
CEDnr Cumulative non-renewable energy demand 
GWP Global warming potential 
EI Embodied impact 
TI Total impact 
OI Operation impact 
R Coefficient of correlation 
w/p/y Watts per person per year 
kg CO2-eq/p/y Kilogram carbon dioxide equivalent per person per year 
SIA Société des ingénieurs et achitectes 
ERA Energy reference area 
PR Project 
MJ/p/y Mega joule per person per year 
Table 1: List of abbreviations in LCA 
3.2.  Introduction 
The tendency of economy, the concentration of crude oil in the Near East, the overexploitation of non-renewable 
resources and the damage caused to the environment will compel developed nations to use energy and materials 
more efficiently. Much effort from researchers, government, designers and enterprises has been made for realizing 
efficient use of materials and energy. In 1998, the Board of the Swiss Federal Institute of Technology promoted the 
vision of a “2000 Watts per capita society by the middle of the 21th century” [1]. This vision is founded for a 
sustainable use of energy resources and it aspires to a sustainable and equitable use of the world's raw materials. 
According to this vision, which must be reached by 2150, the 2005’s impacts per person of primary energy (6500 
watts), non-renewable energy (5800 watts) and greenhouse gases (8.6 t CO2-eq) have to be reduced respectively to 
2000 watts primary energy, 500 watts non-renewable energy and 1000 kg CO2-eq. This vision is well established and 
can be presented in an understandable way.  
 
To respond to this vision, different norms and rules have been developed. The society of engineers and architects 
(SIA-société des ingénieurs et achitectes) [2] laid the foundations in the field of residential building, schools and 
offices. It proposes target values that have to be respected during the conception of the building in order to respond 
to the 2000-watt society’s vision. Additionally, intermediate objectives can be identified by using the information of 
Switzerland’s actual impacts of building system (embodied impacts, operation impacts, mobility, food, consumption 
and infrastructure) and those implies by 2000 watts society’s vision [3]. 
 
One of the objectives of the smart living lab project, is to respond to these intermediate visions. To develop the smart 
living lab’s capability to respond to these requirements, the report of embodied energy consumption per built volume  
𝐸𝐸/𝐵𝑣𝑜𝑙  in the Kaya’s equation has to be optimized. The optimization of report consists in the optimization of both 
parameters 𝐸𝐸 and 𝐵𝑣𝑜𝑙 . To do so in this state of the art we will identify: 
 The intermediate smart living lab’s objectives; 
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 The elements to be firstly improved; 
 And the methodology and software to be used. 
 
For these reasons the top-down, bottom-up and identification analysis, will be used for responding to the following 
questions: 
 Which will be the target values of smart living lab? 
 Does the actual urban area reach the 2050’s goals? 
 Does the actual building reach the 2050’s goals? 
 Which part of the building and for which case have been reached 2050’s goals? 
 Are the indicators correlated with each other? 
 Which building element has the biggest influence to the whole impacts? 
 Which methodology, database and software have to be used for the assessment of the impacts? 
 
In Figure 2 are summarized the methodology followed in this state of the art for responding to the questions. 
 
Figure 2 : Methodology followed for responding the questions asked in the state of the art 
 
3.3.  Path to 2000-watt society 
The Swiss consumed about 6500 watts of primary energy (PE) in 2005 among which, 5800 Watts of non-renewable 
energy (NRE) and reject 8.6 t of CO2-eq (GHG) per capita per year. In Switzerland  these are assessed by the indicators 
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of cumulative energy demand (CED) that is the sum or the primary energy required for the production utilization and 
disposal of a product [4], non-renewable cumulative energy demand (CEDnr)  and global warming potential (GWP). 
The 2000-Watt society implies the improvement of the CED, CEDnr and GWP indicators respectively by a factor of 
3.25, 11.6 and 8.6. Because of many constraints these objectives couldn’t be reached immediately. This is why SIA 
has developed and recommended intermediate targets for the residential building, schools and offices that must be 
reached by 2050. These targets are calculated by a linear interpolation between 2150’s objective and 2005’s impacts. 
Using the same methodology Kellemeberger et al [5] have developed the target values for hotels, restaurants, 
specialized shops, food shops and shopping malls. These values have been evaluated only for the construction 
elements, operation phase of the building and the mobility without considering the food, consumption and the 
infrastructure. Using the additional information about the 2005’s impacts given by Leuthart et al [6] we have 
developed the target values that the building system have to reach by 2050 and 2150. The assessment of the target 
values are based by using the information of the PE demand by Switzerland citizens in 2005 (1800 watts for buildings, 
1700 watts for mobility, 750 watts for food, 750 watts for consumption and 1500 watts for the infrastructure). After 
SIA2040 [2] and Kellenberger et al [5], the 2050’s target values for the building and mobility are respectively 1275 
watts and 395 watts. According to SIA norms [2] the 2050’s target value for the PE is defined to be 3500 watts. So 
the 6500 watts PE consumed in 2005 have to be reduced by a factor of 1.85. Using this reduction coefficient the 
target values for the food, consumption and infrastructure will be reduced respectively to 435 watts, 435 watts and 
960 watts. So, the overall sum of PE needed for the goods and services is equal to 3500 watts. The most detailed 
information about the mobility and the building are given by the SIA 2040 [2] norm and Kellenberger et al [5]. In the 
same way, using the reduction factor we have evaluated the 2150’s target values. The target values presented in 
MJ/m²/year have been converted in Watts/person/year assuming that the energy reference area will not change. 
The information about the energy reference area per capita in Switzerland are presented in Table 2Erreur ! Source 
du renvoi introuvable. [7]. 
 
 Residential Office School Hotel Restaurant Specialized 
shop 
Food 
store 
Commercial 
center 
ERA 
(m²/p) 
60 5 2.5 1 0.5 1.6 0.3 0.13 
Table 2: Energy reference area (ERA) per capita 
Concerning the NRE, the Swiss used 5800 watts in 2005. By 2050 this value has to be reduced to 2000 watts 
(coefficient of reduction equal to 2.9) and by 2150 to 500 watts (coefficient of reduction equal to 11.6. According to 
SIA2040 [2] and Kellenberger et al [5], the 2050’s target values for the building and mobility are respectively 762 
watts and 375 watts. For simplicity and without deteriorating the target values for the NRE we have accepted that 
the rest of impacts (2000 -762 -375 = 863) will be distributed to the food, consumption and infrastructure in the same 
rapport as in the PE. 
 
In the 2000 watts of PE that have to be reached by 2150 only 500 watts have to be NRE. The difference of 1500 watts 
must, therefore, be renewable primary energy. The evaluation of target values for the GWP indicator has assumed 
that the distribution of the impact will have the same range as that of NRE. First, the values given by SIA 2040 [2] and 
Kellenberger et al [5] have been used for the part of building and mobility, and then the distribution of the impacts 
for the food, consumption and infrastructure has followed the same distribution of impact as that of NRE. The 
information about the target values is summarized in Figure 3. 
   
 
 
20 / 138   
 
 
Figure 3 : Annual need of primary energy: The progress of target values from 2005 to 2150) 
The calculation of targets for building elements, operation, mobility, food, consumption and infrastructure is very 
useful. Since the targets are not dependent from each other, the minimization of impacts of all goods and services 
can be made independently. The values previously presented in Figure 3 aren’t precise in the strict sense, but they 
can be considered as a good path towards objectives. The target values presented by other authors and norms [2], 
[8], [9], [10], [11] differ from each other. Even though the values presented in the previous figures aren’t distributed 
correctly, at the end of the project the overall impacts of building components, operation phase, mobility, food, 
consumption and infrastructure will be considered and the sum of impacts have to be lower than the global values 
   
 
 
21 / 138   
 
defined by the 2000 Watt-society. In the case of a possible conflict between the objectives of CED and GWP indicators, 
the GWP indicator has first to be improved [3].  
Before fixing the goal of the smart living lab project, an identification analysis of the best case studies published in 
literature is very precious. The definition of goals the smart living lab project has to reach will be based on this 
work. On one hand, this work will allow to identify the level of environmental performances the actual building is 
able to reach and on the other hand, an identification analysis will identify the part of the goods and services that 
have to be first improved. 
 
3.4.  Environmental impacts: an overview  
This section will provide the results identified by an overview of literature about the environmental impacts of 
neighborhoods and building. The objectives of this section are the identification of the actual impacts of 
neighborhoods and building to help us fix the objective the smart living lab project has to reach. Another objective 
of this literature review is to better trace the footsteps of the smart living lab by identifying the pertinent and most 
sensitive aspects of the goods and services. In order to do so, it is fundamental to accurately quantify which part of 
the life cycle and which service or product is the main contributor to the environmental impacts. For this purpose, 
we conducted a literature review of case studies published in scientific articles, PhD and scientific reports published 
within the context of the research program. The reviewing has been focused on searching on different sites of 
scientific journals, universities sites, scientific programs and has identified a big number of case studies that widely 
differ from each other in term of materials used for construction, types of energy used in the operation phase of the 
building, location in different city and country of the world, etc. Completeness, availability and transparency of the 
inputs (database used, hypothesis considered, etc) and outputs (environmental impacts) are other factors that 
differentiate the case studies. 
 
3.4.1. Environmental impacts of urban areas 
After a literature review, we have identified a large number of eco-neighborhoods (around 250 cases) that are or 
were being built or in the design phase, most of them in Europe.  The most famous are the BedZED (Beddington Zero 
fossil Energy Development) [12] situated in London-England, Vauban [13] situated in Freibourg- Germany, Vesterbro 
[14] situated in Copenhague-Danmark, Eco-Viikki [15] situated in Helsinki-Findland, EVA-Lanxmeer [16] situated in 
Culemborg-Netherland, etc. Also in Switzerland, as in the rest of the world, a large number of eco-neighborhoods are 
being built or in the design phase. In western Switzerland only, there are 23 projects of new eco neighborhoods, 
among which blueFactory [17]. All eco-neighborhoods have been subject to the environmental problematic. After 
Salmon [18], the results of environmental impacts of neighborhoods are mostly evaluated by the feedback. The 
environmental problematic was at least addressed but it has not been an easy task to find information about the 
results. Salmon [18] has reached the same conclusion. The results found on literature about the impacts of 
neighborhoods are presented in Figure 4. 
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Figure 4 : Environmental impacts of neighborhoods for the primary energy and global warming potential indicator [18] 
The application of the identification analysis was not possible, due to the lack of data on this scale. This lack of data 
made also impossible the application of a detailed analysis for identifying the part of the goods and services consider 
in the assessment of the environmental impacts of neighborhoods and the part of urban area and elements which 
need to be improved for the minimization of impact. For these reasons, the results identified in the literature about 
the environmental impacts of building, are presented in the next paragraph. 
 
3.4.2. Environmental impacts of buildings 
After a literature review, we identified about 300 case studies of environmental impacts at building scale. Information 
details of environmental impacts of embodied impacts (EI) and operation impacts (OI) or the mobility of the persons 
vary from one case to the other, even though the impacts of mobility aren’t often considered in the assessment of 
impacts studies. Gustavsson et al [19] has analyzed an eight-story wood-frame apartment building to identify the 
heating system that has minimal impacts. Following this, the authors have presented a very detailed analysis about 
the environmental impacts of the operation phase but not of the EI. In the HQEperformance [20] the environmental 
impacts of 24 offices, 17 residential buildings and 22 individual houses was presented. The objective of this study was 
the identification of the parts of building having the biggest influence on the impacts. The results are presented in 
the form of box plots that made impossible the exploitation of the results project by project. Ramesh et al [21] has 
presented an overview of the environmental impacts of 26 offices, 46 residential buildings and individual houses, but 
not a single detailed analysis of the environmental impacts was found for the cases, even by consulting references 
cited by authors. The objective of these authors was to identify the importance of the operation phase in the overall 
impacts for the indicator of primary energy. In the ensclic Building [22] project, the environmental impacts of 4 
houses, 9 residential buildings and 5 offices has been analyzed. The objective of this evaluation was also to investigate 
the environmental impacts of operation phase and building materials, and the phases of the buildings. For some 
projects, the information on impacts has been very detailed, but it wasn’t the case for some others. In the €CO2 [23] 
project, the environmental impacts of 7 residential buildings have been presented. The objective of the presentation 
of this case study was to represent the environmental impacts of the operation phase and embodied phase and the 
amount of carbon storage by the use of wood material.  For none of the projects, any detailed information about the 
impacts was presented. Berggren et al [24] reviewed 154 case studies present in the literature and added 11 Minergie 
cases. Their objective was the identification of the importance of the operation impacts compared to the embodied 
impacts for the primary energy indicator. This objective was close to those of Ramesh et al and they have used more 
or less the same cases presented above. Their objectives were also to compare the impacts of low energy building, 
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and Net ZEB2 building. The environmental information wasn’t provided. Passer et al [25] presented the environmental 
impacts of 5 Austrian residential buildings. Their objective was the identification of the influence that the technical 
equipment has in the overall impacts of building. The environmental impacts of buildings or construction wasn’t 
provided, but detailed information was found on his PhD rapport [26]. The information about the operation and 
embodied impacts have been detailed and by a decomposition of the embodied impact by materials. John [27] 
presented in her PhD a detailed environmental impacts’ analysis of 12 Swiss residential buildings. The objective of 
this study was the reduction of the complexity of the LCA of the residential buildings. The results for all case studies 
are very detailed and a decomposition of the embodied impacts by component has been presented. Wyss et al [8] 
have presented 32 cases of residential building, offices, schools and single houses. Some of these cases are presented 
by John [27] and some others are building renovation projects. The objective of this work was the calculation of the 
2050’s target values for the indicator of the CEDnr, GWP and UBP. Due to a limited description of the projects and 
their environmental impacts the cases are not exploitable. Lehman [28] has presented the detailed environmental 
impacts of a Swiss office. The objective of her study was to improve the LCA methodology of the building by the use 
of a default database.  
 
To derive efficient results and conclusion we have accepted only cases that fulfill certain criteria. These criteria are: 
 The database used for the assessment of the environmental impacts of building is representative in 
Switzerland. The cases will be used for the Switzerland context, so the environmental impacts of buildings 
assessed with databases that are not representative in Switzerland can derive the results and conclusions 
of the study.  
 The case studies are published in the last 5 years and the buildings have been built during the 2005 and 
2015 period. A lot of effort have been made by the scientists in these last years for the minimization of the 
building’s impacts. Therefore, the buildings presenting lower impacts can be found in the literature of the 
recent years. So, this criteria eliminate old case studies by accepting only those that are supposed to have 
minimal environmental impacts. Also the database used for the evaluation of impacts of old case studies is 
not relevant nowadays. 
 The transparency of information about the inputs and hypothesis for the evaluation of the impacts. This 
criteria is linked with the information about the inputs consider in the calculation, database used for 
evaluation of environmental impacts and the hypothesis considered in the study. This criteria eliminate 
the cases that have a reduced boundary of the study, non-complete models and specific hypothesis that 
have a significant impact to the results. 
 At least the indicators of CED and GWP were assessed in the study. After the 2000-Watt society concept 
the goods and services have to reach the goal for the indicator of CED, CEDnr and GWP. This criteria will be 
useful in the comparisons of the environmental impacts of case studies with the target values evaluated 
present in the previous section. If the studies haven’t evaluated all indicators but only two of them, we can 
judge if the case study has reach the goals at least for these two indicators. 
 The study has presented detailed results about the environmental impacts of goods and services and not a 
global results of the case study. This criteria is useful in the case of identification analysis. This 
identification will allow to know the major contributor to the environmental impacts. 
 
                                                 
2 The Net ZEB concept is a building where the weighted supply of energy form the building meets or exceeds the weighted 
demand and interacts with an energy supply system. 
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Application of these criteria has led to the acceptance of 21 case studies presented by John [27], Passer [26], Lehmann 
[28], and CIRCE [22]. The above presented case studies by John, Passer, Lehmann and CIRCE are respectively Suisse, 
Austrian, Suisse and Spanish. 
 
3.4.3. Comparisons of environmental impact of cases with target values 
In the last 20 years, many databases and software that can be used in the assessment of environmental impacts of 
goods and services were developed. The database used by this software and also the methodology and hypothesis 
considered for assessing the impacts differs from one software to another. These differences are generated in general 
by the parameter of the energy mix produced in each country and considered in each software, fabrication method 
and transportation. Conversions have been made for making possible the comparison of environmental impacts of 
case studies found in literature with the 2050’s targets. As the target values are evaluated for the Swiss society, 
environmental impacts of the cases are increased or decreased in function of environmental impacts of energy mix 
of states where the cases are located with those of energy mix of Switzerland. For example, the cases presented by 
Passer et al [25] that are located in Austria have been minimized by the report of impacts of energy mix of Switzerland 
with those of energy mix of Austria. Only the environmental impacts of operation phase have been reevaluated 
because the environmental impact of components have been assessed with the SimaPro software [29] using 
Ecoinvent database [30] respecting also the Switzerland representation. The other case studies have been converted 
in the same way, using  the information about the energy mix found at Itten et al [31]. The environmental impacts of 
20 projects of residential buildings are presented in Figure 5. 
 
 
Figure 5 : Comparison of 20 building’s impacts with 2050’s and 2150’s targets values (cumulative energy demand, non-renewable 
energy and global warming potential indicators) 
In order not to complicate the Figure 5 we haven’t presented the environmental impacts of an office project. 
Following the direction of presentation of the results in the Figure 5 the corresponding results of the office are: 18 
watts / p a, 177 watts / p a, 18 watts / p a, 123 watts / p a, -2.4 kg CO2-eq / p a, 50 kg CO2-eq / p a. Comparing these 
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impacts with the corresponding target values defined for the offices, we see that the impacts are very far from the 
2050’s objectives.  
 
The analysis of the comparisons of the environmental impacts of cases and 2050’s target values can be done in two 
different directions: one in the direction of indicators and one in the direction of embodied and operation impact. 
The results obtained by these comparisons allow the identification of the results presented in the Figure 6. 
 
Figure 6 : Results of the comparisons of the targets values with embodied and operation impacts for each and all indicators 
The comparisons of the environmental impacts of buildings with the 2050’s and 2150’s targets values (Figure 5) show 
that none of the projects has reached the 2050’s goals. As result of a possible transfer of damages, the comparisons 
of total impact with the target values have also been made. These two comparisons conclude that nowadays none 
of the projects has reached the 2050’s objectives. This conclusion is in accordance with the conclusion of Kaspar [2] 
and Ott et al [32]. After a comparison of the environmental impacts of an office projects (NuOffice I) which has 
received the platinum certification by LEED with the highest score on the planet that was previously given for an 
office with 2050’s targets values he concluded that the project can reach the goal for one part of the building but it 
couldn’t reach the final goal. In addition, they have considered the environmental impacts of food, consumption and 
infrastructure in the study. Ott et al [32] obtained the same results. They have analyzed five residential case studies 
situated in Zurich by considering the environmental impacts of building components, operation phase, mobility and 
food. The results of the study have shown that the actual buildings can reach intermediate goals between 2012 and 
2050, but they couldn’t reach the 2050’s goals. 
 
3.5.  Smart living lab’s objectives  
The literature review has shown that at present not a single building has reached the 2050’s environmental goals. 
Certainly we have identified building projects that have indeed reached the 2050’s objectives for one specific 
indicator, or building projects that are not far from the 2050’s objectives, but none of the projects has reached the 
goal. In addition, the literature review showed that in the assessment of environmental impacts of buildings, the 
mobility, food, consumption and infrastructure haven’t’ been considered. Also, the building projects have no level of 
flexibility. In the case of the smart living lab project, everything will be considered: goods and services (construction, 
operation, mobility, food, consumption and the infrastructure) for the assessment of the environmental impacts. The 
smart living lab project will reach in addition, a level of flexibility, and this will increase the impacts of projects. The 
particularity of the smart living lab relies also on the diversity of the construction project. The expected floor area of 
the smart living lab is the sum of the area of offices, experiment hall, meeting and training seminar rooms and 
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housing. Comparing the projects that have been published in literature with our projects we can conclude that the 
2050’s objectives can be defined as our goals.   
 
To conclude, in the smart living lab project, we have accepted to reach the target values of 2050. 
 
3.5.1. 2050’s target values of smart living lab  
In the previous paragraph we have defined the 2050’s targets for each type of building separately that couldn’t be 
directly useful in the smart living lab as a mix project. This requires the identification of the target values for the smart 
living lab. The expected gross floor area for the smart living lab is around 4,000 m² and divided in office area, 
experimental hall area, meeting area and housing area. 
 
Considering the area of the experimental hall, training and seminar rooms equivalent to the area of school, the target 
values for the smart living lab will be evaluated according to the equation: 
 
𝑇𝑚𝑖𝑥 = 𝑁𝑜 ∙ 𝑇𝑜 + 𝑁𝑠 ∙ 𝑇𝑠 + 𝑁ℎ ∙ 𝑇ℎ  
 
Where:  𝑇𝑚𝑖𝑥  are the target values for the smart living lab for the indicator of CED, CEDnr and GWP.  
𝑇𝑜, 𝑇𝑠, and 𝑇ℎ  are respectively the target values of offices, school and houses.  
𝑁𝑜, 𝑁𝑠, and 𝑁ℎ are respectively the number of capita that smart living lab can host in the area of offices, 
school and houses. This parameter depends from ERA of smart living lab and ERA per capita in Switzerland.  
 
Using this information and the target values defined in the previous paragraph, we are able to evaluate the target 
values of the smart living lab. Since the corresponding number per capita for offices, school and houses for smart 
living lab will be a parameter that will vary until the identification of the best architectural project consequently the 
target values will also vary. The conditions the environmental impacts of smart living lab have to reach are: 
 
𝐼𝑠𝑙𝑙 ≤ 𝑇𝑚𝑖𝑥  
 
The conditions given by the equation have to be reached for each part of the goods and services and for the whole 
environmental impact in order to reach the 2050’s goals.  
 
3.5.2. Definition of target values at component level 
In the previous sections we have described and identified the target values for the building (embodied and 
operation), mobility, food, consumption and infrastructure that a system has to respect in order to reach the 2050 
or 2150 objectives. A more detailed identification at components level of the targets values is possible. To do so, we 
have used the cases of residential building presented in the section 3.4.2. The first step to undertake for the 
calculation of targets at a components level, has been done by averaging the values of impacts components have on 
all projects. Secondly, for the residential building, these values have been reduced with reduction coefficients in a 
way that the sum of the component’s impacts was equal to the target values described in section 3.3. For offices and 
schools, the information about the quantity of building’s elements and their impacts presented by CIRCE [22] and 
Wyss et al [8] has been used as verification information. This verification has been made to make sure that the target 
values of components of offices, residential buildings and schools don’t differ a lot from one typology to the other. 
The target values for the residential building, offices and school are summarized in Figure 7. 
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Figure 7 : 2050’ target values for residential, offices and school at component level 
As demonstrated in section 3.4.3 none of the projects has reached the 2050’ goals, so further improvement in the 
building sector is necessary. To be able to focus on the pertinent and most sensitive aspects of the building sector, it 
is fundamental to accurately quantify which part of the life cycle of which element is the main contributor to the 
environmental impacts. In the next section we have performed an identification analysis that will be helpful in the 
identification of the part of the building that has to be firstly improved for reaching the objectives defined for the 
smart living lab project. 
 
 
3.6.  Identification analysis  
This part of the state of the art was devoted to the identification analysis. In this work, we will show the capacity to 
reduce the embodied impacts and operation impacts by analyzing 21 case studies. Then the correlation between the 
embodied and operation impacts will be analyzed. The correlation between the indicators will also be part of the 
identification analysis. In the end, the identification analysis has been applied with the objectives to rank the 
building’s materials and elements according to their influence to the building’s impacts.  
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3.6.1. Embodied or operation impacts 
In this part of the study, the objectives of the identification analysis is to analyze today’s abilities for reducing the 
impacts of goods and services. Since none of the cases has considered the environmental impacts of mobility, food, 
consumption and infrastructure, the identification analysis will be focused only in the embodied and operational 
impacts. To do so, in Figure 8, Figure 9 and Figure 10, we have summarized the operation phase’s impacts (OI) and 
the embodied impact (EI).   
 
 
Figure 8 : Variation of embodied impacts (EI) and operation phase impacts (OI) for the indicator of cumulative energy demand.  
Analyzing the results of Figure 8, we notice a large absolute variation (1890 w/p/y) of the operation’s impacts (480-
2370 w/p/y) comparing to (569 w/p/y) the embodied impacts (221-790 w/p/y). These results show that today the 
improvement of the OI is much easier than the improvement of the EI. Another interesting result noticed in the Figure 
8 is that the improvement of the OI has not influenced the EI and vice versa. We notice that the projects that have 
the minimal EI don’t have large OI. 
 
The variation of OI and EI for the indicator of the CEDnr are presented in the Figure 9. For this indicator, we notice a 
variation of EI between 100 w/p/y to 530 w/p/y and a variation of the OI between 20 w/p/y to 2430 w/p/y. These 
results show the same conclusion as in the case of CED indicator. For the GWP indicator the variation of OI and EI are 
shown in the Figure 10. The EI vary between 440 and 1190 kg CO2-eq/p/y (except the negative value of -3 kg CO2-
eq/p/y) and the OI vary between 20 kg CO2-eq/p/y to 1350 kg CO2-eq/p/. The results of GWP indicator don’t differ 
from those of CED and CEDnr indicators, except one case, where the value of GWP indicator is negative. This is the 
case of an office’s project where the principal material used in the construction is the wood. Considering that the 
wood material has storage CO2 during the time, the author has consider this material with negative impacts for the 
GWP indicator. Other authors [23], [33], [34] and database [30], [35] consider wood with negative impacts. But, 
according to TRADA [36], Werner et al [37] etc, in the end of the life of building the quantity of the CO2 storage in the 
wood will be return to the atmosphere. So, the wood couldn’t be consider having negative impacts. Other authors 
refuse to consider the wood with negative impacts, even as carbon neutrality [38]. Further research is needed for the 
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development of the conditions to consider material of wood as carbon neutrality and then with negative impacts. In 
conclusion, this first analysis of the 21 cases shows that nowadays the improvement of the environmental impacts 
of operation phase of the building is easier to achieve than the improvement of the environmental impacts of building 
components. Thus, the improvement of the environmental impacts of buildings must start by improving the 
environmental impacts of components. These conclusions are in accordance with the cases where buildings have 
been designed for low or net-zero energy [39], [40]. 
 
 
Figure 9 : Variation of embodied impacts and operation phase impacts for the indicator of cumulative non-renewable energy 
demand. 
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Figure 10 : Variation of embodied impacts and operation phase impacts for the global warming potential indicator. 
In order to make sure that the improvement of the EI will not affect or influence the OI, we have to apply the 
identification analysis to analyze the correlation of these two parts of the building. 
 
3.6.2. Correlation of Embodied and operation impacts 
In order to assess the correlation of two parameters, the theory of probability and statistic proposed the coefficient 
of correlation. In function of the values of these coefficients we can obtain the information about the intensity of the 
correlation of two parameters.  
 
Figure 11 summarized the information about the intensity of correlation in function of the values of correlation 
coefficient. 
 
 
 
Figure 11 : Information on the intensity of correlation in function of the correlation coefficient R [41], [42]. 
Based on this theory, we have calculated the coefficient of correlation for testing the correlation between the 
embodied and operation’s impacts. 
 
The results obtained by this identification, are summarized in Figure 12.  
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Figure 12 : Embodied and operation’s impacts correlation 
 
The results of the Figure 12, show that the EI and OI are not correlated with each other. Coupling the results obtained 
in the section 3.6.1 with those of Figure 12, we can conclude that the minimization of EI doesn’t influence significantly 
in the OI. This result allows to analyze separately the environmental impacts of building components and operation 
phase. Another very important step is to analyze the correlation between the indicators.  
 
3.6.3. Correlation of impacts 
In this paragraph we have presented the results about the level of correlation that the whole impacts or part of 
building has with each other. This work will identify the indicator that has to be first improved. The results that we 
have about the correlation analysis are presented in the Figure 13. 
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  Figure 13 : Variation of embodied impacts and operation phase impacts for the global warming potential indicator. 
These analysis show that there aren’t any strong correlations between the indicators when the total impacts of 
buildings are analyzed. We obtain the same results when the impacts of the operation phase are analyzed. Only in 
the case (framing with black in Figure 13) of the environmental impacts of building components the results show that 
the correlation becomes very strong.  
 
3.6.4. Identification analysis at component level 
The objective of the last step of the identification analysis is to identify the influence of inputs to the environmental 
impacts. For reaching the 2050’s goals the first indicator that has to be improved is the GWP. So, in this section we 
have applied the identification analysis only for this indicator. The method that has been applied for the identification 
analysis is by the Pareto’s principle whereby 20% of causes implies 80% of effects. 
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A detailed application of the Pareto’s principle in the environmental impacts of building would consist in the 
application of this principle for a decomposition of the project: 
 In different phase (product stage, construction stage, use, end of life, benefits and loads beyond the 
system boundary) as present in Figure 14. 
 In different components, goods and service. This decomposition allows the identification of the 
component and product that has the biggest influence in the environmental impact of building (figure 10). 
 
 
Figure 14 : Building assessment stages according to the (EN 15978, 2011)  
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Figure 15 : Building decomposition according to the (EN 15804, 2011) and improved by (HOXHA, 2015) 
As it can be noticed on the Figure 14 and Figure 15 there are different types of decomposition of the building. The 
definition of the decomposition depends on the objectives of the study but mostly from the availability of the inputs 
in the databases, the time of calculation, etc. Assessment of the environmental impacts of 21 case studies has been 
done by a decomposition of the building in a different way. This makes difficult the application of the identification 
analysis because the results couldn’t be converted in a unique decomposition. Nevertheless, we have applied the 
identification analysis for a different type of decomposition and we have tried to couple the results together. The 
decomposition by macro component of the project presented by Lehman [28] is very limited. This type of 
decomposition hasn’t allowed to reach any conclusion. CIRCE [22] has used a decomposition by products. Passer et 
al [25] have also used a decomposition by materials and products, and has/have additionally to CIRCE [22], presented 
the results by phase, even though this last wasn’t complete.  
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John [27] has decomposed the building by macro components. In this part we have applied the identification analysis 
only in the cases presented by John [27] and Passer [25]. The cases presented in CIRCE [22] and by Lehman will not 
carry additional information. The sum of the percentage of influence that the macro component has in each project 
is used as the parameter for ranking the macro component according to their influence in the GWP indicator. 
 
Sum of influences (%) = ∑ 𝑅𝐶𝑖
𝑖
 
Where  𝑖: represent the number of projects 
𝑅𝐶𝑖  influence of macro component in the environmental impact in project 𝑖. 
 
The results obtained for the 12 cases of John are presented in the Figure 16 : Influence of building’s macro 
components in GWP indicator.  
 
 
Figure 16 : Influence of building’s macro components in GWP indicator 
This identification ranks the ceilings as the macro component that has the highest influence to the GWP indicator, 
the roofs the second, external walls the third and so on. In the case of projects presented by Passer [26] the 
identification analysis has given the results presented in the Figure 17. 
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Figure 17 : Influence of building’s materials in GWP indicator 
In this case the identification analysis ranks the concrete as the material having the highest influence to the GWP, 
second the PVC windows frame, the third polystyrene and so on.  
 
Coupling the results of identification analysis presented in Figure 16 and Figure 17 we obtained the information about 
the macro components that have to be first improved (ceilings) and the materials that have to be avoided or reduced 
in the improvement of this macro components (concrete, polystyrene, etc.).  
 
3.7.  Environmental impacts assessment methodology  
 
3.7.1. Life cycle assessment methodology 
According to the ISO-14040 [43] the life cycle assessment (LCA) is defined as a compilation and evaluation of the 
inputs, outputs and the potential environmental impacts of a product system throughout its life cycle. LCA consists 
of four components or steps: Goal and Scope Definition, Inventory Analysis, Impact Assessment, and Interpretation 
(Figure 18). 
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Figure 18 : Phases of an LCA according to ISO-14040 
Goal and scope definition is the phase of LCA that consists of the definition of the functionality and the functional 
unit of the product or system that will be analyzed. The boundary of the system, the impact categories to be 
evaluated, and set of data that need to be collected are identified and defined in this step. According to the European 
norm EN15804 [44] and EN15978 [45] in the case of building a detailed description of the building is required. This 
description has to include the information about the functionality of the building, the geographic location, the 
lifespan of the building, hours of work and the building’s elements and material to consider in the study, etc. The 
quality of this description will influence directly the time required for the evaluation and final results.  
Inventory analysis is the second step of the LCA, where the data necessary for the completion of the analysis may be 
collected and processed. The life cycle inventory (LCI) helps to quantify the flows of energy and raw materials used 
through the system and related to the functional basis. In the case of the building, the problem of the collection of 
the data and calculation of the quantity of building’s elements and materials has to be resolved. 
 
Impact Assessment is third step of the LCA having for objective to translate the flows of energy and raw materials of 
the system in damages. In the case of buildings the environmental impacts are function of the phases (Figure 14): 
 
𝐼𝑏𝑢𝑖𝑑𝑙𝑖𝑛𝑔 = f(𝐴1 − 3;  𝐴4 − 5;  𝐵1 − 7;   𝐶1 − 4;   𝐷) 
 
A1-3 represents the product phase (raw material, supply, transport, manufacturing) 
A4- represents the construction process stage (transport, construction-installing process) 
B1-7 represents the use stage (use, maintenance, repair, refurbishment, replacement of building’s elements, 
operational energy use, operational water use) 
C1-4 represents the end of life stage (de-construction, transport, waste processing, disposal) 
D represents the benefits and loads beyond the system boundary (reuse, recovery, recycling) 
 
In a simplified approach the impacts can be presented as function of three parameters: 
 
𝐼𝑏𝑢𝑖𝑑𝑙𝑖𝑛𝑔 = f(𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦;  𝑐𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟𝑠; 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑢𝑠𝑒 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠) 
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The number of use of elements is proportional to the lifespan of the building and disproportional with the lifespan 
of building’s elements. This equation demonstrates the possibility of four ways of minimizing the environmental 
impacts of building. The first is the elimination or the minimization of the quantity of material used in the building. 
The second is the minimization of the characterization factor by using eco material, material with low impacts of 
recyclable material.  
 
The third is by implementing during the lifespan of building, technologies and building’s elements that can improve 
the impacts of building. And the fourth is by using building’s elements that have long lifespan. In the end the last 
factors the lifespan depends on is the degradation of the building elements which depend significantly on the use 
condition (humidity, UV, temperature, etc...). The third and fourth are linked with each other and the minimization 
of the impacts require the development of an optimum solution.  
 
Interpretation of results occurs in each of the preceding steps. It allows the validation of the various phases including 
identifying potential problems and putting forward modeling crucial points.  
 
For the smart living lab,  the LCA methodology described by Europeans norms EN15804 [44] and EN15978 [45] will 
be used for assessing the environmental impacts.  
 
3.7.2. LCA databases and software 
As a result of a large number of input data required in LCA, in the last 20 years many databases and software were 
developed to make possible the assessment of environmental impacts of products, goods and services. This software 
improves the efficacy and the time of calculation. There are at present many tools that have been developed at a 
national and international scale using general or specific databases. The rate of evaluation of this software varies 
from the assessment of impacts of a product to the assessment of impacts of a city. Among all the databases, the 
most useful are: Ecoinvent [30], Gabi [46], Ivam [47], US LCI database [48], European life Cycle Database [49], CPM 
LCA Database [50], JEMAI [51], etc which have been implemented in generic software. The generic software most 
widely used in the world are: SimaPro [52], Gabi software [53], CMLCA [54], openLCA [55], Quantis SUITE [56], MiLCA 
[57], EarthShift [58], CleanMetrics [59], UMBERTO [60] etc. The use of these databases and software has a number 
of advantages and disadvantages. The large number of data make possible the assessment of the environmental 
impacts of all types of goods and services. These databases and software are useful in the development and research 
field. The flexibility and the possibility to use this large amount of data have been used in the development of new 
materials and products with the lowest environmental impacts. Another strong advantage of this software and 
databases is the fact that they allow the assessment of the impacts of buildings including the other goods and services 
(mobility, food, infrastructure, textile product, etc) in all possible forms of decomposition and schemas 
(decomposition by phase: product stage, construction stage, use, end of life and benefits and loads; or decomposition 
by product: foundation, walls, ceilings, roof, etc; or by material: concrete, steel, wood, plaster, glass, insulations, etc). 
Certain software, make also possible to consider the uncertainties in the assessment of the environmental impacts. 
The Ecoinvent database generate uncertainties form the PEDIGREE matrix [61] which characterize the quality of the 
data. However, these databases and software have the time parameter as a disadvantage. The assessment of the 
environmental impacts of buildings, goods and services related to her required a lot of time. The time consumption 
becomes even greater when the uncertainties calculation have to be considered. These, due to the iteration 
calculation made by Monte Carlo method and the large amount of inputs considered in the assessment of impacts. 
The necessity for the reduction of the environmental impacts has led to the development of the new databases and 
software in different sectors. One of them is the sector of construction including all the goods and services (mobility 
of people, food, textile consumption, etc) linked to it. Databases and software (Table 3) have been developed for the 
assessment of the environmental impacts of only one good or service (example: only food, or only mobility, etc) or 
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some of them (example: only building component, mobility and food, or building component, operation phase, 
mobility and infrastructure), but none of them is able to assess the environmental impacts of building components, 
operation, mobility, food, consumption and infrastructure. Obviously, there’s other software that may be used for 
the assessment of the impacts of building system. In Table 3Erreur ! Source du renvoi introuvable. we have 
presented only the most widely known software, whose information was available.  
State Software EI* OI* MI* FI* CI* II* Database 
Australia 
Building Greenhouse Rating 
[62] 
x x     ? 
Australia LISA [63] x x    x ? 
Australia eToolLCD [64] x x     AusLCI 
Belgium Instant LCA [65]     x  OD** 
Canada Impact estimator [66] x x     
Athena 
[67] 
Germany Legep [68] x x     
ÖKOBAU 
[69] 
Switzerland Eco-bat [70] x x     KBOB [71] 
Switzerland LTE OGIP [72] x x     Ecoinvent 
France EIME [73] x x x  x  EIME [74] 
Switzerland Mobitool [75]   x    Ecoinvent 
Switzerland Quartiers durables [76] x x x    OD** 
Switzerland Lesosai [77] x x     KBOB 
United states Bees [78] x      ? 
Netherland Eco-Quantum [79] x x    x IVAM 
Italy EcodEX [80]    x   ? 
UK CCaLC2 [81]    x   ? 
Germany Trainee [82]   x    ? 
Sweden EcoEffect [83] x x     ? 
France FoodPrint [84]    x   OD 
France EcoTransIT world [85]   x    ? 
France Carbonostic [86]    x   ? 
France ELODIE [87] x x x    INIES [35] 
Germany GEMIS [88] x x x    OD** 
France Spin it [89]     x  OD** 
France e-licco [90] x x     OD** 
France EGES [91]    x   OD** 
UK CORINE [92] x x x    
ELCD et 
EcoInvent 
France novaEquer [93] x x x    
INIES & 
ecoinvet 
USA Eiolca [94] x x x x x x OD 
Netherland GreenCalc [95] x x x    ? 
Canada VOIRVERT [96] x      Athena 
*EI: Embodied impacts, OI: Operation impacts, MI: Mobility impacts, FI: Food impacts, CI: Consumption impacts, II: Infrastructure impacts 
**OD: Own data 
Table 3: LCA software for building, food, mobility, consumption and infrastructure 
All these programs differ widely from each other, from the database point of view, from the assumptions and 
hypothesis that they consider in the calculation, from the methodology used for the evaluation of the impacts and 
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from the results that they are able to evaluate, etc. Unlike the generic software, the parameter time is improved in 
these programs. They are easier to use and contain data in the product scale (example: if in the generic software the 
user has to assess himself the environmental impacts of a window, the impacts for windows are assessed before and 
the user has to give only the information about the quantity of product). But in the context of flexibility and 
improvement and development of the new solution the software has been deteriorated. The user can only use the 
data available in the software and cannot improve these data or his solution (example: the user has to use the data 
of window given by software but he couldn’t improve the impacts). The level of uncertainties in the assessment of 
the impacts by this software is higher, as result of the linear assessment (example: in the case of PVC window the 
rapport of glass and PVC is linear, something that is not true). To conclude, none of these programs can be used for 
the assessment of the uncertainties of the impacts.  
 
During the last years, new software for the assessment of environmental impacts of neighborhood and cities has 
been developed. Among this new software, the most used are NEST [97], TRACE [98], Citycad [99], Smèo [100], etc.  
These software solutions consider large hypothesis in the calculation, which implies large uncertainties in the results 
(example: the user has to give only the information about the area of the construction, the type of building and the 
area of the road etc, for  the assessment of the environmental impacts of neighborhoods and cities). On the other 
hand, the flexibility of these software solutions are much more deteriorated compare to the previous software. At 
the moment, most of the software available is able to evaluate the impacts only for one or several goods and services 
of the neighborhoods or cities, but it is not able to evaluate all the impacts by considering all the goods and services. 
The time parameter used by this software is reduced significantly.  
In this description of the software, we noticed that the time parameter and the flexibility of the assessment of impacts 
go in the opposite sense, when the time is improved the flexibility is deteriorated and vice versa (Figure 19). 
 
 
Figure 19 : The software development scheme and the relation time-approximation 
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This is due to the fact that the software is useful for different purposes. The third group of software is useful in the 
sketching phase of the neighborhoods and cities, by helping the designer to find the optimal way of placing the 
building, roads, and other goods and services in the neighborhoods and cities plans. The second group of software is 
useful in the design phase of the goods and services. They help the designer to find the optimal way to plan the 
project and the optimal quantity of materials and elements to be used for construction. The first group of software 
is useful in the detailed phase of goods and services. They can help the designer to develop the goods and services 
and to find the best solution with minimum environmental impacts. 
 
Using this information about the databases and software, the software’s purposes and the way of the assessment of 
impact by optimizing the interaction “time-flexibility” of software in the next section we have described the method 
and software to be used for the assessment of the environmental impacts of smart living lab. 
 
3.8.  Environmental impacts assessment methodology of smart living lab  
As presented in the previous section, there is a large number of databases and software available for assessing the 
environmental impact from a product to a city. Each one of them has different purposes, uses a national or 
international database, a specific assumption and hypothesis and a methodology for assessing different impacts. 
Among the databases and software, we will select those for assessing the environmental impacts of smart living lab 
that fulfill the criteria: 
 Is able to assess the environmental impacts from cradle to the grave ; 
 Is representative in Switzerland’s context ; 
 Provides the possibility for the assessment of the primary energy, non-renewable primary energy and 
global warming potential indicators. 
In the assessment of the environmental impacts of building component, operation, mobility, consumption, food and 
infrastructure we will try to include in the boundary of the study as much input as possible. The assessment of the 
environmental impacts of smart living lab will be done in two times. Initially, we will assess the environmental impacts 
using different databases and software that fulfill the above criteria. For this step we have identified the software 
presented in the Figure 20Erreur ! Source du renvoi introuvable.. 
 
 
Figure 20 : The software development scheme and the relation time-approximation 
In the cases where the database and the software accepted for the assessment of the impact lack input, we will try 
to compensate the lack of input by using other database even if they will not fulfill the above criteria. 
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After a sensitivity analysis, we will identify the materials, goods and services that have the biggest influence to the 
impacts.  The improvement of these materials, goods or services will be done by using the specific software. Once 
we have achieved the goals and found the best solution, the specific software will be used for the assessment of the 
impacts in a more precise and detailed way. SimaPro (Goedkoop & Oele 2004) has been identified as the most 
appropriate software for assessing the environmental impacts of the buildings, operation phase, mobility, food, 
consumption and infrastructure. This last assessment will allow to validate the intermediate results and the 
robustness of the evaluation. The assessment of the uncertainties will be a complementary step that will allow to 
validate the robustness of the results. 
 
During this scientific work, the main objective will be the achievement of the 2050’s objectives. Also we will try to 
answer other problematics. One objective is the simplification of the LCA, by identifying the indicators that have to 
be always evaluated. Identifying the indicators that are correlated, the indicators that change in the same sense 
during the minimization phase of the impacts, and the indicator that are not correlated and don’t respect any 
changing sense are the indicators that have to be always considered during a LCA process. Other scientific 
problematic is the identification of the optimal lifespan of the building and its components in the environmental 
impacts points of view. The problematic of the method used for the assessment of the impact remains another 
scientific topic to be developed.  
 
3.9.  Conclusions 
Firstly, in this state of the art, we have defined the path to the 2000-Watt society by the definition of target values 
that the building, mobility, food, consumption and infrastructure have to respect in order to achieve the 2000 watts’ 
objectives. Intermediate objectives that correspond to the year 2050, have also been defined for the cumulative 
energy demand, non-renewable cumulative energy demand and global warming potential indicator. The definition 
of target values makes possible to minimize the impacts of building, mobility, food, consumption and infrastructure 
separately without any influence to each other.   
 
Secondly, a literature review of the environmental impacts of urban area case studies shows that there are no cases 
to have considered embodied, operation phase, mobility, food, consumption and infrastructure in the evaluation of 
impacts. In addition, an overview of best building case studies has been performed where only embodied and 
operation phase impacts have been assessed. The comparison of the target values and the environmental impacts of 
buildings concluded that none of the projects has reached the intermediate (2050’s objectives) goals of 2000 Watt 
society. The 2050’s objectives have been accepted as the goals the smart living lab project has to reach, as a relevant 
and outstanding performance. These targets are defined for both cases: for a flexible building where the surface can 
be changed during the lifespan of building and for the case of a mix building (residential, office and school). 
 
Thirdly, we have performed an identification analysis with objectives to identify which are the part of the building to 
be improved for reaching the 2050’s goals and for simplification of the LCA model. This work has permitted to identify 
the fact that the embodied impacts and the operation phase’s impacts aren’t correlated to each other. The 
minimization of the operation impacts will not influence significantly the embodied impacts. The state of the art has 
demonstrated that it is actually possible to minimize the operation’s impacts by the development of building with 
low energy consumption or zero energy consumption. So, the more the operation’s impacts are reduced, the more 
the embodied impacts are heavy to reduce. This is due to the fact that the more a project is efficient with low 
operation’s impacts, the more the used technology to saved building’s energy consumption has to be efficient with 
a low embodied impacts. 
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An identification for a possible correlation between the indicators has demonstrated that the cumulative energy 
demand, non-renewable cumulative energy demand and global warming potential’s indicators in general aren’t 
correlated with each other. Only a very strong correlation between the non-renewable and global warming 
potential’s indicators for the building’s elements has been identified. By the identification analysis we have classified 
the building’s elements and materials according to their influence in the impact. 
 
These results, useful in the design phase of the smart living lab, allow to identify that the work of the improvement 
of impacts should be focused more in the minimization of the embodied impacts because the operation phase 
impacts are easier to be reached. This can be reached by focusing firstly on the improvement of the environmental 
impacts of ceilings. In order to reach the goals in the project, materials such as concrete and polystyrene have to be 
avoided as they have been identified as having big impacts. Finally, the main issue is the minimization of the 
embodied primary energy and greenhouse, since the embodied non-renewable energy and green houses are strongly 
correlated.  
 
Even though the LCA methodology presents difficulties and limits the assessment of the environmental impacts of 
product, goods, and services and consequently for the entire impacts buildings, mobility, food, consumption and 
infrastructure, it appears today as an indispensable tool for the assessment of impacts. In this state of the art, we 
have identified that there are no generic databases or software for the assessment of the environmental impacts of 
building, mobility, food, consumption and infrastructure. This explains the reason why we haven’t found a thorough 
work on today’s literature. However, for the next research phase we have defined the methodology, generics 
databases and software that will be used for the assessment of the environmental impacts of all goods and services. 
This will allow to identify the optimal mass of elements and materials to be used in the smart living lab for reaching 
the goals. The specific databases and software useful in a second and last step of the smart living lab design, will allow 
to improve the environmental impacts of certain elements and to validate the overall results in the sense of 
uncertainty.  
3.10.  Research topics  
Despite all the research conducted in these recent years, the LCA’s experts, architects, engineers, etc., have not been 
able to develop a building that has reached the 2050’s objectives. So, the main objective of the scientific concept 
step is the development of a project able to reach the 2050’s targets. In doing that, we will try different topics of 
work and improvement. Firstly, we will try to develop and improve the environmental impacts of ceiling, identify way 
that correlate the improvement of the embodied impacts by the improvement of the operation’s impacts. The 
influence of the parameter of lifespan in the improvement of environmental impacts of building will be tested. The 
interaction of users-building-public space is another topic to be tested for improvement of the environmental impacts 
of building.  
 
On the other hand, the complexity to conduct an LCA, still remains a very hot topic of the research, especially when 
the boundaries of the studies expand significantly. It becomes a real problem when passing from the evaluation of 
the environmental impacts of a product to the environmental impacts of district or cities. 
 
The part of this scientific work will be to develop and provide an answer to these problems. The first objective will be 
the development of the scientific concept for reaching 2050’s objectives. During this work we will try to simplify the 
LCA model. 
 
In general for all the models and consequently in the LCA model, there are three paths of simplifications: 
 Simplification of the model by the elimination of the input that does not have a significant influence to the 
output’s results; 
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 Simplification of the model by the development of a comprehensible and simple methodology for the 
users or by the identification of part of the method that can be taken in the consideration in the form of 
fixed rates. 
 Simplification of the model by the elimination of the outputs, the results of which can be obtained by the 
others outputs as a result of possible correlations that may exist between them. 
 
These simplifications should be made so as not to minimize the robustness of the outputs results.   
 
In the case of smart living lab project the first path of simplification will have as objective the identification of the 
inputs that do not have a significant influence in the outputs results. On the other hand, the inputs that have a 
significant influence in the outputs results and require improvement in the future, will be identified. The objective of 
the second path of simplification will be the simplification of the LCA methodology. The two-direction sensitivity 
analysis will identify the phases of products which have a significant influence in the overall impacts.  
 
The third path is linked to the simplification of the indicators that have to be evaluated during the assessment of the 
environmental impacts of products, goods and services. In this third path, the first step of simplification is the 
elimination of the indicators that are correlated. Next one is the identification of the indicators that are not correlated 
but change in the same direction or in a different direction. And finally, there’s the rest of indicators that aren’t 
correlated and don’t change in the same direction and those identified as problematic for the building sector. 
 
During this work, the identification of the potential savings in the future will constitute another research topic to be 
tested.  
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4. Building Flexibility 
Authors: Yingying JIANG, Thomas Jusselme 
 
4.1.  Introduction 
The concept of the building flexibility comes from the Kaya Equation. The indicator 
𝐵𝑣𝑜𝑙
𝑃𝑂𝑃
 in the whole equation 
demonstrates that to optimize the correlation between the built volume and user population would benefit the 
environmental impact of the building in terms of CO2 emission and energy consumption. In other words, the more 
the building would be efficiently used by the inhabitants, the better the building would perform with the other 
indicators, and the better the building would respond to the project target in the future. Accordingly, this research 
field is made up of the design of the building and the social study of the future users in two aspects: 
 To enhance the usability of the building based on users’ needs, and 
 To maintain or even improve the usability of the building throughout its entire lifespan by means of 
flexibility. 
Hereby, this state of the art report for the smart living lab is going to respond to the questions:  
 What are the definitions of usability and flexibility for the smart living lab? 
 What are the feasible specific solutions for the usability and flexibility of the smart living lab? 
 What are the general recommended strategies for flexibility that can be used in the smart living lab? 
 
4.2.  Flexibility and usability for the smart living lab  
Built environment matching the needs of users with certain acceptable performance levels is a key issue in building 
design and construction [1]. Certain studies have demonstrated that the quality of built environment can influence 
user behaviors and their efficiency of achieving goals in the buildings, which will also impact the effectiveness and 
efficiency of buildings [1][2][3]. Regarding to the smart living lab, the indicator 
𝐵𝑣𝑜𝑙
𝑃𝑂𝑃
 refers that the way to optimize 
the indicator is to increase the population of users in the building, which can be explained in other words as to let 
occupants use the building more. This means the building’s performance should be with high usability to its users 
during its entire life cycle.    
 
4.2.1. Usability 
The concept of usability was proposed at the very beginning as a quality attribute that assesses how easy user 
interfaces are to use in the field of engineering[4]. With the growth of the research body in this and other relevant 
fields, the concept has been extended to the building and construction field, which implies a change on the attitude 
towards buildings from the traditional property perspective to a product with functional performance.  
 
General definition of usability  
The general definition of usability is stated as “the extent to which a system can be used by specified users to achieve 
specified goals with effectiveness, efficiency and satisfaction in a specified context of use” [5]. This definition includes 
two parts:  
 The specification is emphasized as specified users, goals and context of use, and  
 The key factors for description are:  
- Effectiveness: accuracy and completeness with which users achieve specified goals; 
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- Efficiency: resources expended in relation to the accuracy and completeness with which users achieve 
goals, and 
- User satisfaction: freedom from discomfort, and positive attitudes towards the use of the product. 
Widely discussed and studied in the engineering and computer science, this definition was then introduced to the 
building and construction field by Keith Alexander when he argued that usability is one of the most important aspects 
of building and workplaces [6].  His proposal triggered the development of the original definition in the field of 
building and construction, namely as the usability of buildings, which is described as the performance of a building 
“depending on how well they support the users’ activities, our physical surroundings contribute to efficiency, 
effectiveness and satisfaction in the user organization” [7]. In the other words, building usability is a kind of concept 
focusing on the human being interface based on certain physical environmental comfort which would be defined by 
the passive and active energy system of a building. 
 
Impacts to usability 
A series of studies on the theoretical frame and practical cases state that four impacts should be taken into 
consideration when referring to the usability of a building is [8]: special context [6],  cultural context [9], situated 
action[10] and user experience [6], which is shown in Figure 21. More specifically, these impacts include the following 
contents: 
 
Figure 21: Factors and impacts of building usability 
 Special context: understanding buildings as part of the urban fabric, creating physical infrastructure for the 
development of communities, and considering buildings in the urban context in terms of both region and 
ethnicity.[8] 
 Cultural context: understanding activities with relation to specific collection of norms and values for user 
groups, and considering the specification in the built environment. [8] 
 Situated action: understanding users’ actions influenced by specific situations and circumstances, and 
considering user’s specific requirements and needs in the peculiar circumstances, including specific physical 
environment of the built space. [8] 
 User experience: understanding users’ experience encompassing all interactions, and considering user-
centered design as a design philosophy and process. [8] 
One case study on the user-feedback system was implemented in 2010 evaluating the usability of the office building 
for the Department of Engineering and Building Technology at the Helsinki University. It demonstrated that different 
user groups in the building would assess the usability of the same building differently as it is shown in Figure 22. This 
result indicates deviations in user experience among various groups, and further endorses the statement that design 
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based on users experience and taking their particular opinion can produce a better and positive design outcome and 
meet organization and users’ goals[11][12], which is shown by Figure 23.  
 
 
Figure 22: Comparison of the results of usability assessment feedback based on different groups in Helsinki University 
of technology 
 
Figure 23: Strong link between building usability and users 
 
4.2.2. Flexibility  
 
General definition of flexibility 
The appearance of the term flexibility in building can be tracked back to the beginning of the twentieth century, when 
a group of architects began to study and experiment the functionality of dwelling buildings with small areas after the 
First World War. They intended to provide as many functions as possible to buildings, primarily dwelling buildings, to 
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realize the long-term efficiency in the daily use within limited building areas. The theoretical and technical 
backgrounds are the variation of space use pattern in different periods of time, and the separation of building 
components according to their roles in the building structure, i.e. load-bearing or non-load-bearing [13]. An early 
description given by Nabeel Hamdi [14], considered two major aspects of building flexibility, architectural design and 
construction: 
 In regard to architectural design, flexibility describes the capacity, designed for buildings, building programs 
or building technologies, to ensure an initial good fit and enable the buildings or technology to respond to 
subsequent change.  
 In regard to construction, flexibility expresses freedom to choose among options or devise programs that fit 
individual needs and aspirations, whether for building, finance, ownership, or management.  
Based on the current major literature sources and questionnaire feedback from architects, Stephen Kendall 
integrates the definition of building flexibility as a kind of capability that a building is able to adapt to different 
requirements from both the external environment and users over time. In other words, a building with flexibility 
suggests openness to variety and changes to improve the usability of the building over time [15]. This includes the 
possible changes of a building in the perspectives of: 
 Indoor space dimension 
 Functional transformation 
 Use pattern changes 
 Building components renew 
 Building volume changes 
 
Approaches to building flexibility 
A number of more specific strategies can be summarized from the cases adopted from certain significant studies and 
relevant research on the topic as well as the study conducted by Schneider and Till[13]. These include 116 cases (see 
the Annex) from 1965 till now with various types, the majority of which are residential buildings in Europe. The criteria 
of the selection are: 
 Realized projects, excluding those simulated cases for study or architectural design competition; 
 Projects completed in the last 50 years, as the recognition and study on the necessity of building flexibility 
appeared systematically around 1965.  
 Information availability of projects. 
Generally speaking, the strategies for building flexibility from these cases can be summarized as: 
 Foldable component: components or products that can be folded or unfolded in the use phase, such as 
foldable furniture. 
 Movable component: components or products that can be moved easily in the use phase, such as sliding 
walls. The components can be either within the built space or on the external surface of the building. 
 Detachable component: components or products that can be removed or installed easily in the use phase.  
 Modularized component: components or products that are modularly manufactured which can be decided 
and changed from one another.  
 Polyvalent/multifunctional room: a single enclosed completed space by internal or external walls without 
identified function, which can support more than one functions or using purposes decided by users without 
any physical change. By this mean, the layout of the building floor is almost fixed, and the flexibility can only 
be realized by changing the particular function of the room.  
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 Multi-access room: a group of enclosed built space by internal or external walls with more than one access 
that can be opened or closed according to the layout of the space which could be decided according to the 
users. By this mean, the layout the building floor would be determined partly based on the needs of the 
space, and the flexibility can be realized by arranging the connection between the rooms. 
 Open space with fixed facilities: an open built surface or area with all the utilities, such as vertical shafts, 
toilets, kitchens or other relevant appliances, fixed at one area of the surface. The layout and the functions 
of this surface would be decided by users later. By this mean, the flexibility can be realized by the particular 
design on the layout of the open space with specific requirements and equipment. 
 Open space with zones: an open built surface or area with a certain zone for the installation of facilities and 
utilities. The location of the facilities and utilities can be determined within the zone along with the layout 
of the space by users. By this mean, the flexibility can be realized with even more freedom. 
 Space extension reservation: reserving certain space volume as buffer in one completed building for the 
future extension when it is needed. By this mean, the flexibility can be realized by enlarging the built surface. 
 Space modularization: a built space cell with integrated function and related techniques or equipment. The 
cell is allowed to be plugged into the existing structure or building when it is needed to support some other 
function required by the users. By this mean, the flexibility can be realized by the connection of the space 
cells with varied numbers of the cells.  
 
These strategies for building flexibility were carried out in the existing cases by various techniques or methods in 
accordance with the particular situation of the projects in terms of construction schedule, budget, and human 
sources. For instance, the design of the open space can be completed by customized internal building design as NEXT 
21 Complex in Japan (Case 47) as Figure 24, by providing options on the space layout as Arabianranta Project in 
Finland in Figure 25(Case 101), or even by users’ self-building as Wohnregal in Germany as Figure 26(Case 60). On 
the other hand, these approaches and their means are usually combined in one single projects. Table 4below shows 
the application of the strategies in the adopted cases.  
 
 
Figure 24: NEXT 21 Complex, Japan, 1994 
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Figure 25: Arabianranta Project in Finland. Source:  http://infillsystemsus.com/open-building-projects 
 
Figure 26: Wohnregal in Germany. Source: http://www.baunetz.de/meldungen/Meldungen-
Zum_Tod_von_Peter_Stuerzebecher_2489451.html 
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Building flexibility strategies Cases 
Foldable components 41, 87, 92, 94, 95 
Movable components 21, 39, 41, 42, 53, 87, 89, 94, 95, 96, 97 
Detachable components 13, 18, 21, 22, 30, 35, 40, 43, 52 
Component modularization 6, 12, 19, 22, 25, 54, 57, 60, 70, 75, 79, 81, 90, 112 
Polyvalent/multifunctional room  7, 9, 18, 32, 50, 55, 66, 89, 92, 105, 110, 114 
Multi-access room 
1, 5, 8, 10, 14, 15, 18, 27, 46, 48, 49, 50, 51, 59, 63, 67, 68, 69, 80, 
86, 98, 102, 105, 109, 113,  
Open space with fixed facilities  
2, 4, 11, 17, 19, 20, 21, 24, 28, 29, 30, 34, 37, 38, 40, 44, 47, 56, 58, 
62, 67, 73, 74, 77, 83, 84, 85, 99, 100, 101, 103, 106, 107, 108, 109, 
112, 115 
Open space with zones 
3, 7, 11, 15, 16, 22, 26, 31, 45, 46, 50, 51, 52, 55, 61, 64, 65, 68, 71, 
72, 75, 76, 78, 81, 88, 89, 90, 91, 93, 102, 104, 110, 111, 113, 114, 
116 
Space modularization 5, 14, 21, 23, 33, 36, 79 
Space extension reservation 81, 82 
Table 4: Flexibility strategies and application in cases 
According to the information on flexible houses and building projects, realized or not, around the world in the last 
century, Tatjana Schneider and Jeremy Till [13] use two simply word to describe the classification of the strategies 
for building flexibility as:   
 Hardness: providing designated changeable or movable components, products, or technology as a part of a 
completed building for the possibility in the future; and  
 Softness: reserving or allowing certain indeterminacy in design and construction waiting for more precise 
information in the future.  
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Coincidently, from the standpoint of project management, Nile O.E.Olsson also proposes that building flexibility can 
be achieved through along with these two directions theoretically [16]: 
 Considering buildings as completed products and providing possibility for physical changes, including 
components changes, functional changes and building volume changes. 
 Considering buildings as processes and providing possibility to locking into the decision-making process, 
according to the availability of information.  
These can be explained as physical assemblage of maximum techniques and building lifecycle separation respectively. 
Hereby, following these two idea, the above major strategies are mentioned specifically as it is shown in Table 5: 
 
Way Major strategy Description 
Physical assemblage of 
maximum techniques 
Foldable components 
Providing designated technology or 
products for future possibility of use  
Movable components 
Detachable components 
Lifecycle separation 
Polyvalent/multifunctional 
room 
Dividing the project into two or more 
steps, designing and building step by step 
according to the availability of information. 
Multi-access room 
Open space with fixed facilities 
Open space with zones 
Space extension reservation 
Component modularization 
Plugging in necessary functional products 
with independence 
Space modularization 
Table 5: Classification of major strategies for building flexibility 
 
4.2.3. Usability-Flexibility tradeoff 
In this section, the relationship between usability and flexibility is going to be addressed in order to explain the reason 
why building flexibility is needed to improve the usability of buildings. This is going to be conducted by discussion on 
the performance and lifespan of buildings, as well as the description of certain flexible building cases. The discussion 
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on the lifespan and performance of buildings relates to the question of whether or not it is necessary to consider 
flexibility in the project, while the studied cases intends to show what scheme of building flexibility can be applied in 
the smart living lab based on our own objectives for the project. 
 
Lifespan of buildings 
The life span of a building is an important factor for discussing whether or not flexibility is necessary in the field of 
building and construction. Certain relevant studies have been found around the world.  
 
The study on the building and infrastructure stock in China mentions that although the lifespan of the existing Chinese 
building stock is comparatively shorter than that in the European countries because of the high new construction 
rate resulted from quick urbanization and materials, the assumed standard service life time of massive buildings is 
generally 50 years [17]. In the US, the statistical analysis of the residential building lifetime seems to suggest that the 
average building life time is 61 years and a linearly increasing trend can be discovered [18]. 
 
The report presenting the economic and social value of the construction in the United Kingdom uses three factors, 
i.e. the total dwelling building stock, the growth rate of total dwelling building stock, and the demolishment rate of 
the total dwelling building stock, to analyze the longevity of the housings in England. Their study suggests the 
increasing tendency of average service life time in the dwelling building section from 46 years to 53 years, and the 
replacement rate is 133 years [19]. This study also states that the estimated replacement rate of building stock in the 
US and France is respectively78 years and 103 years [19].  
 
There is also a study on the current building stock in the Switzerland based on official records. The estimated lifespan 
of the current buildings and relevant information are demonstrated as Table 6 below[20] :  
 
Evaluation Age (years) 
Average age of the current buildings 
Regarding to the cumulative construction proportion of each year, how old the buildings 
were from the media construction year to 2000. The media construction year refers to the 
year that half of the existing building stocks have been completed. 
47 
Estimated average age of the current buildings 
The average age of the current buildings based on the hypothesis that Switzerland would 
remain 40,000 historical buildings constructed before 1919. 
52 
Estimated lifespan of the current building via the estimated average age 
The estimated lifespan based on the hypothesis that the number of building, the 
construction and demolition rate of building remain constantly.  
>>104 
Average age of the current residential buildings 42 
Replacement rate of the building stock 
How long each building has to last if each new building replaces a unit of existing building 
stock without any growth in demands  
94 
Survival rate in 2000 of existing homes built in 1919 
The estimated reminded houses rate to the whole dwelling stock based on the hypothesis 
that the rate of demolition were the same before and after 1980, and each house built 
before or around 1919 was occupied by a single household. 
73 to  80% 
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Median life span of existing residential buildings built in 1919 
The estimated lifespan of residential buildings built in 1919 based on the assumption of the 
survival rate, replacement rate and estimated mean age of building as 40 years. 
>>121 
Table 6: Estimated lifespan of buildings in Switzerland [20] 
Most of these above mentioned studies on the estimated lifespan of the current building stocks, especially residential 
buildings suggest the slightly increasing trend of the service life time of buildings in the last century. However, how 
this trend is going to be developed is much more difficult to be detected as Mequignon [21] concludes in his study 
that a number of factors can alter this trend dramatically, such as final user behaviour, demographics situation, 
regulation or policies, quality of construction, and development of new technologies in both construction and 
materials [22][18]. 
 
Advantage and disadvantage of building flexibility 
Besides the studies on the building lifespan, another question was risen according to the development of the 
understanding on the building life cycle performance, which can be illustrated as Figure 27 below  
 
 
Figure 27: Relations between building process and the development of contexts and user requirements 
In the conventional building process, the design and construction are conducted based on the understanding of 
certain contexts and user requirements. With the completion of the design and construction process, the building is 
manufactured as a static product without any possibility on future evolution. However, the contexts and user 
requirement remain constantly changing and development without stop. Hereby, a gap between the static building 
product and the dynamic changing progress of contexts appears.   
 
The study on the life-cycle performance cited by ISO 15686 [23] (Figure 28) demonstrates that on the one hand the 
requirements from the users of a construction would change or increase through the use of the building because of 
the development of technology and society; on the other hand, due to the wear and tear of the materials and 
components, or even simple aging issue, the performance of the construction would decrease during the operation. 
Some actions have to be taken as maintaining, correcting or upgrading to the construction and its components in 
order to keep up the building performance at a required level[23]. This study indicate that during the lifecycle of a 
building, changes of two aspects have to be taken into account in the life cycle:  
 Physical changes on the building elements and components, and  
 Requirement changes based on the needs of the user 
Certain arguments are also proposed on balancing expectancy of building lifetime, lifecycle performance, building 
energy consumption, and environmental impact. Aktas argues that building structures lasting for a long time might 
be not the best solution to the building environmental impact, as those buildings could not match trends in the use 
of knowledge and technology that would be better to replace by newer designs that suit the future needs of 
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occupants[18]. At the end, the study points out that in reality, the lifespan of a building is an elusive characteristic 
which is not able to be foreseen precisely. Based on the research, it is often obsolescence determined by social or 
economic values rather than structural problems that leads to the demolition of the building [18][24][22], while 
providing flexibility in the design and construction can to some extern delay the obsolescence process in the building. 
 
Figure 28: Building lifecycle performance illustration by ISO 15686-7 
By considering change as the norm of the world, Olsson points out that it is necessary to have the so-called “room to 
manœuvre” in construction projects for both project owners and final users to be able to adjust projects following 
their needs in certain particular context [16]. A number of research shows that flexibility is necessary to face the 
changes and the challenge of uncertainty from either users or the environment [13][25][26][15][27]. Olsson further 
states that flexibility is primarily an approach to improve effectiveness of projects rather than efficiency, and a project 
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with sufficient flexibility to utilize opportunities to increase the value for owners and users might, in the end, prove 
to be more effective [16]. 
 
But the other side of the coin is that, some studies also point out that the drawback of flexibility is less efficient than 
inflexible buildings in the aspects of design, construction and even use, with the costs in terms of complexity, time 
and money [28][29]. Aiming at the uncertainty of the user anticipation and future situation, flexibility would anyway 
experience the shift to the specialization along with pictures of user needs becoming more and more clear, which 
process is observed in all systems [28]. These idea imply that due to the long lifecycle of buildings, the outcomes or 
benefits of flexibility in building only appear periodically when changes or uncertainty rise, and as soon as these 
changes or uncertainty are fixed, the advantage of the flexibility would vanish and would be replaced by stable use. 
This also explains the reason why most of the so-called flexible buildings have not presented any change in the use 
phase without any external force.  
 
Take some cases for instance. Jia’s Flat in Hong Kong as Figure 29 (Case 97) was designed with the intention of creating 
a dynamic living environment for the family with a new born baby. With a group of movable panels, this idea worked 
well at the first decades, while as the baby growing up, the flat turned to be more and more stable without any 
changes in the last 10 years. Another typical case is the Micro Apartment in Hong Kong in Figure 30(Case 94), which 
was designed to assemble most possible living and recreation functions in a 32 square meter flat by foldable and 
movable furniture and construction products. However, behind this great concept is the truths that the owner spent 
much more money on installing these products than buying the flat and he used the flat as showroom rather than 
his home.   
 
Figure 29: Jia's Flat in Hong Kong [30] 
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Figure 30: Hong Kong Micro Apartment  
Being interpreted in the terms of building energy consumption and environmental impact, the efficiency of these sort 
of technology for building flexibility is comparatively low. A large amount of construction materials or products used 
in the construction phase caused higher environmental impact than an average, which might be used only once or 
twice in the entire building life cycle. Whether or not this is an environmentally friendly way of design or construction 
is the question that should be taken into consideration. By understanding this, it doesn’t seem necessary to provide 
as much flexible technology as possible to the building at the beginning for a future possibility. It would be better to 
provide possibility of change throughout the entire lifecycle of the building according to the real needs of users, 
which, in other words, is to provide right components or equipment at the right time.  
 
4.2.4. Summary 
This section aims to identify the concept of usability and flexibility for the smart living lab through the literature 
review on the general idea and relevant practices of both terms. The review on the usability shows that it is a 
contextual concept while the evaluation of the building usability is strongly linked to the specific experience of final 
users. This suggests that the definition of usability for the project should be based on the understanding of the users’ 
particular experiences including behavior and needs.  
 
The review on the flexibility and related cases presents the general concept of building flexibility and the major 
approaches to realize flexibility. The research on the estimated lifespan of the current buildings and life-cycle 
performance suggests the necessity of introducing the idea of flexibility to the entire building lifecycle. The arguments 
on the drawback of the flexibility indicate that the definition of flexibility for the smart living lab is to provide right 
components and equipment at appropriate time according to the information. This definition is described as a way 
of making irreversible decision more reversible or postponing uncertain  decisions until more information can be 
used to support the decision-making [16].  
 
This definition leads to the method to achieve the flexibility as follows:  
 Regarding the building lifecycle: What is the right time to fix the design of each component and how is it 
possible to postpone decision-making? 
 Regarding the building component: What are the right components or equipment and facilities in the 
building? 
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4.3.  Method for flexibility: Step-by-step procedure  
This section is going to describe the method for realizing building flexibility, and to answer such questions as what is 
the right time to provide the right components or equipment.  
 
4.3.1. Background on building lifecycle and lifespan of components 
The above literature indicates the strong connections between users’ needs and building performance during the 
entire lifecycle, which offers a hint that the decision-making on the design and installation of the components or 
equipment should respectively correspond to the availability of user knowledge. Therefore, the availability of 
information on users becomes the key of the above questions. In order to apply this parameter, it is necessary to 
take one step back to understand the importance of information and changes in the conventional building courses.  
 
Cost-change-information relationship in building lifecycle 
The importance of the concurrency of information and knowledge in design process has been recognized by 
practitioners and researchers from different design disciplines, which is considered as one of the fundamental 
conditions for developing better products [31].  
 
 
Figure 31: Knowledge-design relation in construction [31] 
On the one hand, as it is illustrated by Figure 31and based on Fabrycky’s lifecycle cost analysis [32], the information 
and knowledge about design is constantly increasing when the design is processing, while the freedom of design is 
decreasing. This suggests that: as more and more information and knowledge relevant to design is exposed, the 
design would be more and more specified and fixed.  
 
On the other hand, Patrick Macleamy’s effort curve for the building lifecycle Figure 32 demonstrates the conventional 
building courses. As it is shown by the figure, along with the development of building design going, the difficulty of 
making changes on the construction cost and final building performance would increase. In the meantime the costs 
for any changes in terms of money, time and human labor resource would also increase dramatically, especially in 
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the construction and operation phases. However, most of the workload is concentrated in the phase of construction 
documentation, comparatively less efforts are distributed to the early design and later operation phases.  
 
Figure 32. Patrick Macleamy’s effort curve for the building lifecycle 
Macleamy’s theory has been proved by Dvir and Lechler [33] through a study on 448 real projects. This increase of 
change cost over time is widely accepted as a rule of thumb, and is a major challenge to project. Once a project has 
been decided upon and the planning or execution has begun, changes are likely to reduce the efficiency of the project 
[31].  However, confronting a changing world, it is known to all that changes cannot be avoided, but can be reduced 
in terms of extra costs and negative impacts on the building projects, which is considered as the key purpose of the 
flexibility strategy [16].   
 
Combining the above two background theories, the correlation between information or knowledge, changes, and 
costs is clear in the construction courses. The more the information and knowledge flows into the project, the less 
the uncertainty the project would have to deal with, and the less changes the project would take. This suggests that 
the entire project of the smart living lab should be divided into several parts in accordance with the available 
information. The first part named as the Project A can be designed and built according to the fixed information of the 
contexts, and the second or even later parts named as the Project B or C, D would be decided and built step by step 
when more user information or knowledge is available. This step-by-step process is illustrated as Figure 33 
below.However, considering the complication of a construction project and the risk of uncertainty in the future, the 
project would be divided into 2 parts preliminarily.  
 
 
Figure 33: Concept of classification of project 
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Lifespan of construction components 
Being composed by different materials and functioning differently, construction components’ lifespan vary a lot. 
Figure 34 shows the variation of building components in dwelling buildings [34]. It demonstrates that there are big 
differences among the lifespan of construction components from 100 years to no more than 5 years. This indicates 
that during the lifecycle of a dwelling building, some components and equipment would be changed more frequently 
than others, and the components such as external wall structure, the structural framework and the slabs might be 
able to last without any changes within the entire life cycle of the building. The physical lifespan of components and 
equipment varies a lot according to the materials. Hereby, an average value is used in this figure representative of 
one component with various materials. 
 
These data are taken from a study completed by the National Association of House Builders and Bank of America 
Home Equity in 2007 in the US. The research group took one year collecting information from users, component 
producers and dealers. The catalogue of the data covers the components and products from building structure 
elements to the daily appliances and necessities with different materials. The study also emphasized during the 
information collection that building component lifespan is highly impacted by a number of factors, including the 
quality of installation, levels of maintenance, climate and weather condition, and the intensity of use. Therefore, the 
physical lifespan of each component or equipment is used. Certain relevant or similar information were also 
presented in some European studies [35][36]. These studies deeply analyze the life-cycle environmental impact of 
certain construction components; however, they only focused on certain or particular components. The 
environmental impacts of certain materials are also listed in certain European norms, while there lack the relative 
data for the whole set of construction components. Therefore, the data from the National Association of House 
Builders is selected here, and with the completion of the information on the construction components in Europe, this 
figure may be revised.   
 
This study refers that the lifespan of components or construction products should be considered in two aspects: the 
physical lifespan as the natural duration of components without any external influence which is determined 
completely by materials and manufacture; and the expected lifespan as the real duration of components in reality 
which is strongly impacted by the situation of users, environment, maintenance, etc. It suggests the hint that the 
expected lifespan of components would be linked to the information and knowledge of users.  The study also 
demonstrates that, if we take account about renewal, upgrade or even functional changes of a building in the future, 
it would be wise to keep the components with longer expected lifespan independent from the ones with 
comparatively shorter expected lifespan. By doing so, the negative influence to the longer lifespan components 
would be reduced.  
 
Being back to the smart living lab project, the above understanding on the project processes and construction 
components lead to two questions that closely related to the realization of the building flexibility, which are:  
 How can we divide the construction process based on the availability of information?   
 How can we group the construction components into Project A and Project B respectively?  
These two questions are based on the hypothesis that: 
 There is correlation between user and real lifespan of building components.  
 There is correlation between lifespan of building components and their environmental impacts. 
There is one more question that would interest the research project but benefit the environmental impact. It is that 
whether or not we are able to establish connection between user needs and excepted component lifespan in the 
entire building lifespan. Take an internal door as an example. The data of the physical lifespan of the components 
   
 
 
61 / 138   
 
from the above US study show the average physical duration of internal doors can be as long as 50 years. However, 
as the internal doors would be changed in accordance with the shifts of space functions, e.g. doors for laboratories 
may probably different from the ones for normal office space, therewith, the real lifespan of these internal doors are 
determined by the users rather than their own materials. This kind of influence from the users to the components or 
construction products might exist in most components, and is assumed to be related to the interaction between 
users and the components.  
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Figure 34:Estimated expected lifespan of housing components 
Current application on construction separation process 
The applications of the construction process separation can be found in the last half century, including certain 
practices on some modern architecture concept.  
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One concept was Archigram group and their Plug-in-City Figure 35 [37]. The “city” was structured based on a mega 
steel framework, and a series of detachable living and working units that could be plugged into the framework when 
necessary. Building obsolescence was considered in the design concept that each space unit had its own lifespan and 
could be replaced and moved.  
 
 
Figure 35: Archigram "Plug-in City" Source: https://va312ozgunkilic.wordpress.com/2010/12/07/archigram-plug-in-city/ 
 
Another concept was Japanese Metabolism Architecture [38]. The idea was, in general, to let the area or building 
“grow” along the designed infrastructure by adding, replacing and changing functional space units without major 
disturbance on the infrastructure [39]. Different from Archigram, certain practices were taken based on the concept 
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of Metabolism, including the Richards Medical Research Laboratories in Philadelphia designed by Louis Kahn [40], 
Marina City in Chicago US, and Nakagin Capsule Tower in Japan [41] in Figure 36.  
 
 
Figure 36: Richard Medical reseawrch Laboratories, Marina City and Nakagin Capsule Tower  
The similarity between Archigram group and Metabolism is that the whole project was carried out in two steps: the 
completion of the main infrastructure including structural frame, vertical circulation space and shafts, as the first 
step, and the complementation of the specific functional space units onto the infrastructure as the second step. The 
functional space units were independent from each other and can be connected or detached from the infrastructure. 
 
Another large group of practices on the construction separation process in the last 50 years around the world are 
based on the concept of “Support-Infill” proposed by John Habraken [27]. This theory separates the space form urban 
scale to the scale of rooms into a series of hierarchic levels by the parameter of who would and should control which 
space. Based on this control level, the lifespan of the construction components are suggested to be from more than 
100 years to less than 20 years respectively. The theory believes that the lower the control level, the more the 
individual users can make decisions on it, and the more frequently the layer would be changed in the user phase. 67 
practical projects were collected[27], and the collection has been growing by the cases such as NEXT 21 Residential 
Complex by Osaka Gas, Japan[42], Maya Rise Residential Building in China [43], E-Science Lab for ETH Zurich [44], and 
INO Hospital in Bern [45], etc.  Those cases exhibit the designated hierarchy of components in the construction by 
either the control of final users or the lifespan of the components. With the progressing of the project and the 
involvement of the users, the construction evolved from an abstract profile to a completed building with specific 
functions serving particular groups of people.  
 
The above practices process seem to suggest that:  
 The separation in the construction process usually appears between buildings’ infrastructure and specific 
functions, the former of which might be fixed, while the latter may be decided and built in later as it depends 
on the particular needs or requirements of specific users.  
 There are two major ways to specify building usage and function following the particular needs of final uses, 
one is based on the space unit and the other on the hierarchy of the components. 
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4.3.2. Separation of construction process for the smart living lab 
The drivers to divide construction process 
The theoretical background of the construction process separation and its application indicated that the question of 
how to separate the construction process may be transformed to be based on the available information: which part 
of the building would be the “infrastructure”, and which part would be with the specific functions? The key to the 
questions is the knowledge of users. This means whether or not the design of the components needs the information 
of users would be used to classify the component of the building.  
 
Meanwhile, as the progress towards convergence observed in both natural and man-made system indicates the 
increase of stability of both form and function [28], the degree of universality of the functional space units would 
imply the potential and degree of changes occurring to the functional space units. Functional space units and their 
characteristics would be used to demonstrate their universality in different types of buildings, and would also be used 
to establish space family as well. This introduces two drivers as user-component closeness relations and the 
characteristics of the space units for splitting up the building components and space units respectively, which can 
lead to the following three aspects:  
 The layers of building components to the users;  
 The universality of the functional space units in different type of buildings; 
 The family of functional space units. 
 
Building layers and the interactive levels between construction components and users 
The building component-user interaction level was firstly discussed by John Habraken as the control levels 
coordinating with the Support-Infill system. This theory has been implemented in many projects as a precondition or 
hypothesis within a number of projects, especially residential building Figure 37.  
 
This figure shows that with the space levels going down from the urban scale to the particular detailed plan of room, 
the scale of parties involved in the levels varies from a group of people to an occupant household and finally to the 
individual occupant, and the individual capability of controlling the space increases. However, this controlling-
controlled relationship and its connection to the lifespan building or space stayed at the theoretical phrase without 
scientific proof or practical verification, the linkage between users and buildings has actually never been clarified. 
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Figure 37. Control levels in Open Building theory [27] 
This theory is then developed and specified by identifying the physical layers. Stewart Brand proposed in 1994 his 
shearing layers diagram which consisted of a hierarchical system of layers and components with different life cycle 
and speed of changes (Figure 38), which could be described with more details as permanent site, structure, skin, 
services, space plan and the stuff [46]. Brand’s intuition came from his observation on the traditional buildings and 
their transformation process, and the parameter of his classification is the lifespan of each components or products. 
This idea split up the layers from building to room, and believed that the short lifespan layers, i.e. services, should 
not be obstructed by the ones with longer lifespan, i.e. structure [47]. Confusion has definitely brought forward some 
questions, for instance, can the lifespan of a component or product determine the layer that the component belongs 
to? Which kind of lifespan should be consider here? And by who is the lifespan of a component defined?  
 
 
Figure 38. Shearing layers diagram by Stewart Brand, 1994 
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How to identify the interrelations between construction components and users is the question that needs to be 
answered here.  These interrelations refer not only to the physical distances, but also to the interactive levels 
between the users and components, i.e. the mutual impacts between user and components, such as visual or physical 
touch, use or operation, and the ability of change and move, etc. A ranking system would need to measure all this 
mutual impact for identifying the real interactive levels between the components and users. A draft example is given 
as Table 7 below. The table considers both types of interactions between components and users, and the frequency 
of this interaction. Hierarchic weights are also given to each type of interactions to emphasize the differences among 
the interactions and their influence on the final closeness level. The frequency can also be presented as the times per 
period of time. This system would be developed in the next phase of the project, and appear as one part of survey in 
the social study to the target group of the smart living lab, i.e. researchers, professors, and students.  
 
 Never 
0 
Seldom 
1 
Few 
2 
Many times 
3 
Frequent 
4 
Weight 
See      1 
Touch      2 
Use or operation      3 
Move or change      4 
Total 
 
Table 7: Example of ranking system on the interactive levels between users and components 
 
 
Figure 39. Building layers by Wang, 2000 
However, for the moment, this interactive  level can only be simplified to the building-user physical layers in terms 
of physical distance, which is developed based on the “Support-Infill” concept to the physical boundaries and the 
physical distance from building users to building components of the space levels by Wang [48] as shown in the Figure 
39. This simplification is based on the assumption that the physical distance from components to users can positively 
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affect the mutual impact between components and users; or in other words, the farther the component is physically 
away from the users, the less the mutual impact exists, and therefore the looser the connection between the 
components and users. Regarding this building layers by physical distance, it is suggested that the farthest layers 
belonging to the building boundary such as external skin, structure, central service should be grouped as the 
infrastructure which can be fixed by the knowledge of contexts, while the other four layers would be designed 
separately as the second step following the information of users and particular situations. On the other hand, a social 
survey is going to be  conducted for this component-user interactive level ranking system as a part of the smart living 
lab research project. As soon as the information is collected, certain analysis will be implemented to discuss the 
difference between the real user components interaction levels and physical distance, so that the group of the 
construction components for both the primary building and the secondary building would be improved. 
 
Universality of functional space units 
The second aspect is the universality in different types of buildings. Regarding current use situation of the smart living 
lab, the building is designated as mixed-use, functioning as office, laboratory, residence and school. The future 
development of the building might take place by changing the proportion of the space occupancy among each 
function. Taking the extreme situation into the consideration, the foreseen transformation of the smart living lab in 
the future would become one building with the type among office building, educational building, laboratory building, 
residential building or dormitory building. The potential functional space units that might be involved in any of the 
five types of buildings are listed together based on the requirements on the ISO standards and certain practical 
projects. In order to figure out which are the most universal space units, a simply statistic method is conducted as 
presented in Table 8 below. The possible involvement of one functional space unit in one type of building is given 1 
point, and the space units with the highest points crossing the five building types would probably be the most 
universal ones in the building. In other words, the space units with the biggest value are the ones that no matter how 
the building would be transformed from one type to another, i.e. from an educational building to an office building, 
or from an office building to a residential building, etc.,  they would be needed in the building and might be kept 
without changes.  
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Office 1   1 1     1  1 1 1 1 1 1    1   1 
Education 1 1 1 1 1  1 1 1 1  1 1 1       1    
Lab 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1   1 1 1  1 
Residency     1 1      1 1     1 1  1 1 1  
Dormitory      1      1 1    1  1  1 1 1  
Total 3 2 2 3 4 2 2 3 2 3 1 5 5 3 2 2 3 1 2 1 5 3 2 2 
Table 8: Example of common functional space units in different types of buildings 
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By doing so, there are three functional space units, circulation space, entrance hall and WC, appear as the most 
universal ones. This indicates that within the future development of the smart living lab, these three units would be 
more stable than the others, and can be suggested to be designed earlier as a part of the Project A.  
 
Nevertheless, with the particular requirements and needs on the functions of the smart living lab, the functional 
space units would probably vary as well as the ones with the maximum universality value.  This might increase the 
number of the units that can be designed as a part of the primary building.   
 
Families of functional space units 
The last but not the least aspect is the families of functional space units, the space unit group with similar or even 
same characteristics. Within one family the space units can be transformed one another relatively easier than those 
between two different space families, as the intra-family space transformation might need certain technical 
assistance.  
 
As the following table shows, the possible functional space units and their special design requirements are listed here 
to identify the space families among them. The information of design requirements for each space units currently 
can only be got from certain norms including ISO/TR 11219:2012, AC D40-005: 2008-03, SIA 382 / 1:2014, SIA 2024, 
ISO 2051. In the Figure 40, the special requirements related to the construction components, such as the height of 
story, the strength of floor slab, the needs of water pipes, the installation of particular equipment or appliances, etc. 
are listed; other than the requirements that can be achieved by mechanical adjustment, such as indoor temperature, 
humidity, illumination, and ventilation etc., the design requirements for office space are used as reference to 
compare the differences of the other space units. Three situations are marked:  
 
 
Figure 40: Special design requirements of each functional space unit and the families of space 
 The spaces without any symbol represent the same or similar design requirements with the office space; 
 The spaces with “X” represent very different or special requirements in the space design; and  
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 The spaces with “?” represent the lack of information in space design. 
 
As the highlighted information in the table, the functional space units as office space, standard study space, training 
room or classroom, meeting room in office, storage space, residential space including living room and bedroom, and 
laboratory space are almost the same. Another space family includes WC, WC and bathroom and laundry space. 
Because of the lack of the information, the rest functional space units have the potential to be grouped as 5 space 
families, which are marked by the blue boxes with dashed line. These space families would probably vary as the 
special requirements for the smart living lab would provide in the design and construction process.  
 
The existence of the space families suggests that at the early stage of design, with the uncertainties of the space 
occupancy proportion among functions, the building volume could be divided by space families horizontally or 
vertically. These space arrangement based on space families can to some extern reduce the complication of the space 
change in the future.  
 
4.3.3. Implementation of component lifespan 
The separation of construction process has also been implied based on the lifespan of construction components in 
certain practice, as it is understandable that the frequency of changes of the construction components are not the 
same or similar to one another. By splitting the components with longer lifespan from the ones with shorter lifespan 
and grouping the components with similar lifespan can to some externs reduce the negative influence when some 
changes of the components take place. This idea was used in the healthcare project INO Hospital of Bern, Switzerland, 
with the purpose of managing the cost of building within the entire lifecycle performance. The construction 
components were divided into 3 groups, namely as primary building, secondary building and tertiary building.     
 
The question of whether or not there is a correlation between the lifespan and the building layers as it is mentioned 
above is going to be answered within the research project of the smart living lab. Figure 41 shows the combination 
of the information of physical lifespans of construction components and Component-user interactive levels. The 
component-user interactive levels are simplified to be the physical layers of building presented along the X axis from 
1 to 7, standing for the 7 physical layers from buildings to the individual space, while the lifespan of each component 
is presented along the Y axis from 0 to 100 years. Each construction component is marked according to these two 
parameters. The tendency of the correlation between these two parameters is shown as the trend line in the figure. 
This indicates that the components with longer physical lifespan might be farther away from users than the ones with 
comparatively short lifespan in terms of physical distance. This correlations between physical lifespan of components 
and their interactive levels to users can be used to suggest the expected lifespan of the components finally used in 
the smart living lab, which can benefit the environmental impact and energy consumption of the smart living lab as 
a whole in the entire duration of life. The result of this implementation could be improved to reflect the real situation 
more precisely by the results from both, the interactive levels between users and construction components and the 
lifespan of the components, and installation technology in the region of Europe, both of which might be achieved in 
the scientific research part of the project. 
 
Taking the lifecycle environmental impact of components and construction materials in to consideration, the answer 
to this question might be helpful in terms of component and technology selection in the smart living lab. The trend 
line of the correlation between component lifespan would be adjusted by the real user-component interactive levels 
and the component information in Europe. Based on the trend line, the materials of the components and the 
technique would be selected to be closer to the line so that the energy consumption on the construction would be 
optimized.  
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Figure 41: Tendency between component lifespan and building layers 
4.3.4. Summary: The separation of the primary building and the secondary building 
This section demonstrates the methods to achieve flexibility in the smart living lab, to divide the construction process 
into two independent  parts: Project A and Project B, according to the available information. The drivers for this 
division  are the component-user interactive  levels and the universality of the space units.  
 
According to the current available information, the smart living lab can be preliminarily divided as follows: 
 Project A would be suggested to the part which can be fixed by the contexts of urban and site. 
 The functional space units as entrance hall, the circulation space and WC of the whole building can be 
designed first as a part of the primary building.  
 The partition of the building volume might not follow the conventional matter by floors but by space families 
in either horizontal or vertical way.  
 
Based on Project A, Project B would be design and construction strictly following the needs and requirements from 
the users. It could include the specific design of the floor plan and the arrangement of the internal partition walls, 
the layout of rooms, the technical services on the room levels, and some particular furniture and equipment as well.  
 
4.4.  General recommendation on building flexibility  
The cases collected so far for the flexibility include more than 100 cases on the aspects of construction process 
separation [27], building flexibility [13], and some individual  studies on particular cases. These cases coming from 
different parts of the world vary their strategies and methods based on their particular situation. These cases also 
cover certain types of buildings including residential building, education building, healthcare building, and mixed-use 
building as well. Certain general recommendation that can enhance building flexibility are summarized by the studies 
on the cases as it is shown in Table 9 below: 
 
No. Recommendation Reference 
1 Increasing the components belonging to the project B building [49], [50], [15] 
2 Increasing the independence among building layers [51], [15] 
3 
Neutralizing the construction structure with simple and robust construction 
techniques 
[51], [52], [15] 
4 Increasing the usable building space or surface without columns  [51], [52] 
5 Increasing the bearing capability of the structure components appropriately [52], [15] 
6 Increasing the independence of the internal walls [49], [50], [52], [15] 
7 Increasing the independence of the external skin from the building structure [49], [50], [51], [15] 
8 Increasing the independence of internal skin [49], [50], [15] 
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9 Using equilateral and regular shape in building layout [49], [50] 
10 
Increasing the possibility of independent use of the entrance by different user 
groups  
[49], [50], [51], [52] 
11 
Using universal space dimension to layout or divide the surface of building 
floor 
[49], [50], [51], [15] 
12 Neutralizing space unit with multiple functions [49], [50], [51] 
13 Increasing the accessibility of the space unit from different directions [49], [50] 
14 Using smaller grid frame on the building facade [49], [50] 
15 Using more universal facility components rather than special ones [49], [50] 
16 Increasing the functions that the building can support [49], [50], [51] 
17 
Increasing the possibility for measurement or control of the facilities on space 
unit level 
[49], [50] 
18 Increasing the ability to disconnect of facility components [49], [50] 
19 Increasing the accessibility of facility components [49], [50] 
20 Increasing the accessibility of the vertical  service ducts  [51], [15] 
21 Increasing story height appropriately for accommodation of service ducts [52], [15] 
Table 9: General recommendations on building felxibility design 
 
4.5.  Conclusion 
The state of the art on the building flexibility is going to set up a methodology of design that can help the smart living 
lab project to realize the goals of high building performance in the entire life cycle and the best energy consumption 
solution in the lifecycle assessment point of view.  .  
First of all, according to the Kaya Equation, the main purpose of the flexibility part is to optimize the ratio between 
the building volume and user population, and this may be linked to the study on the future users in the aspects of 
their behavior, needs and requirements in the built environment such as office building, educational building, 
experimental hall and residential buildings. This information strongly contributes to the final value of the space 
usability in the smart living lab, and this information availability and accessibility determine the design and 
construction methods that smart living lab would apply.  
 
Taking into account the current situation of the project, the lifecycle performance and the environmental impact of 
the entire building in the long-term run, the flexibility for the smart living lab is defined as providing necessary building 
components and products at the right time according to the requirements and changes from users. This definition 
would be reflected by the separation of the construction process into two major parts: Project A corresponding to 
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the already fixed information from macro contexts and Project B responding to particular needs from building 
situations and users. The drivers for the separation include the component-user interactive levels, the universality of 
functional space units and space families. The preliminary separation of the construction process is proposed and 
would be further improved with exact information obtained from the research of the project. Regarding the 
construction components, the study suggests that the components and products should also be considered to keep 
independence in accordance with their own lifespan, which means the changes of the products with short lifespan 
should influence the ones with longer lifespan as little as possible.  
 
Based on the collected cases on building flexibility and construction process separation, certain general 
recommendations are given at the end of the state of art. 
 
4.6.  Scientific Research Topics  
The scientific research topics for the flexibility aspects are the study on the hypothesis proposed in the state of the 
art: 
 
Is there any correlation between user and the lifespan of construction components? 
This topic is trying to find the correlation between users and the construction components. In other words, is it true 
that the closer the component is to space users, the shorter the lifespan the component has, or vice-versa?  This 
includes studies from two aspects, the understanding on the user-component interactive levels and the lifespan of 
construction components, the physical lifespan and expected lifespan. Both of these two aspects are the keys to both 
the usability of the built space andbuilding flexibility and the lifecycle analysis. The result of this research topic can 
benefit from the selection of the construction components  
 
Can the physical building layers reflect the real interactive relations between users and construction components? 
This research topic is to establish a building layer system based on real use knowledge. By the literature view and 
case study, it is clear that so far there is little serious research on this issue, and most of the statements or the 
development of ideas were only based on theory without an understanding of the real situation. This research topic 
will be conducted by three steps: the development of the ranking system to assess the interaction levels between 
users and components, the survey as a part of a social study among the target groups, and the analysis of the data. 
The result of this research would be used to verify the building physical layers that are currently used for building 
flexibility. 
 
Can we integrate building flexibility criteria into the whole building lifecycle analysis by the design process? 
This research topic will be the summary of the smart living lab project in the aspect of building flexibility in the entire 
life cycle of the building. This would generalize the determination process of the flexibility strategy, and its 
collaboration with building lifecycle assessment and technical application, such as active and passive systems. This 
generalization can be further developed to research on architectural design method, including the relevant case 
studies as well.                                           
 
4.7.  ANNEX: Adopted Cases  
Cases from Schneider and Till on building flexibility [13], Stephen Kendall [27] and other references :  
1. Rochdale, Britain, 2007 [13]  
2. Donnybrook, Britain, 2006 [13] 
3. Oakridge Village, Britain, 2006 [13] 
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4. St James Urban village, Britain, 2005 [13] 
5. Domino.21, Spain, 2004 [13] 
6. Optima House, Britain, 2004 [13] 
7. Silvertown, Britain, 2004 [13] 
8. Abode, Britain, 2003 [13]  
9. Edificio Balmes, 2003, Spain [13] 
10. Eichrain, Switzerland, 2003 [13] 
11. Siedlung Hegianwandweg, Switzerland, 2003 [13] 
12. Wenswonen, The Netherlands, 2002 [13] 
13. Berlin Terrace, Germany, 2001 [13] 
14. Flexible Housing in Almer, The Netherlands, 2001 [13] 
15. Greenwich Millennium Village (II), Britain, 2001 [13] 
16. Housing Terrace, Slovenia, 2001 [13] 
17. Kettenhaus, Germany, 2001 [13] 
18. Kraftwerk 1, Switzerland, 2001 [13] 
19. Multiple Choice - Housing In Isla Margarita, The Netherlands, 2001 [13] 
20. 495 West Street, USA, 2000 [13] 
21. Affordable Rural Housing Demonstration Project, Britain, 2000 [13] [27] 
22. Flexsus 22, Japan, 2000 [13] [27] 
23. Weberhaus Option, Switzerland, 2000 [13] 
24. Cala Domus, Britain, 2000 [13] 
25. Modular construction system, Austria, 2000 [13] 
26. Kölner Brett, Germany, 1999 [13] 
27. Kronsberg Karrée, Germany, 1999 [13] 
28. Wohnregal Koppstrasse, Austria, 1999 [13] 
29. Westferry Studios, Britain, 1999 [13] 
30. Atelierhaus Sigle, Germany, 1998 [13] 
31. Housing blocks in Pamplona, Spain, 1998 [13] 
32. Office and Residential Building, Austria, 1998 [13] 
33. Regal, Germany, 1998 [13] 
34. Pelgromhof, The Netherlands, 1998/2001 [13] 
35. Apartment in Pavia, Italy, 1997 [13] 
36. Casa a la Carta, Mexico, 1997 [13] 
37. Gespleten Hendrik Noord, The Netherlands, 1996 [13] [27] 
38. Apartment in Logroño, Spain, 1996 [13] 
39. Estradenhaus, Germany, 1996 [13] 
40. Grieshofgasse, Austria, 1996 [13] [27] 
41. The Transformable Apartment, Britain, 1996 [13] 
42. Wulzendorfstraße, Austria, 1996 [13] 
43. Brandhöfchen, Germany, 1995 [13] [27] 
44. Apartment in Vitoria-Gasteiz, Spain, 1994 [13] 
45. Banner Building, USA, 1994 [13] [27] 
46. Housing Graz-Straßgang, Austria, 1994 [13] [27] 
47. NEXT 21 Complex, Japan, 1993 [13] [27] 
   
 
 
76 / 138   
 
48. YWCA Family Village, USA, 1993 [13] 
49. Gulfgate Housing, USA, 1993 [13] 
50. Überbauung Brahmshof, Switzerland, 1991 [13] [27] 
51. Überbauung Hellmutstrasse, Switzerland, 1991 [13] [27]  
52. Davidsboden, Switzerland, 1991 [13] [27] 
53. Hinged space, Japan, 1991 [13] 
54. The Dynamic House, Sweden, 1990 [13] 
55. Habitat Industriel "La Faye", Switzerland, 1989 [13] 
56. Dapperbuurt, The Netherlands, 1989 [13] 
57. Ålekistevej, Deenmark, 1988 [13] 
58. Honor Oak Park, Britain, 1987 [13] 
59. Wohn- und Geschäftshaus, Germany, 1987 [13] 
60. Wohnregal, Germany, 1986 [13] 
61. Nemausus, France, 1985 [13] 
62. Quartier Saint-Christophe, France, 1985 [13] 
63. Wohnüberbauung Riehenring, Switzerland, 1985 [13] 
64. Flexibele woningbouw, The Netherlands, 1984 [13] 
65. Keyenburg, The Netherlands, 1984 [13] 
66. Wohnhäuser im St. Alban Tal, Switzerland, 1982 [13] 
67. Feßtgasse Housing, Austria, 1980 [13] 
68. Adelaide Road Estate, Britain, 1979  [13] 
69. Brockley Park Estate, Britain, 1978  [13] 
70. Industrialized construction system, Italy, 1978  [13] 
71. Lunetten, The Netherlands, 1978 [13] 
72. Molenvliet, The Netherlands, 1977 [13] 
73. Flexibo, Denmark, 1976 [13] 
74. Purkersdorf, Austria, 1976 [13] 
75. Wohnen Morgen, Austria, 1976 [13] 
76. Housing Estate Olari, Finland, 1975 [13] 
77. Les Anticonformes, France, 1975 [13] 
78. Les Marelles, France, 1975 [13] 
79. Metastadt, Germany, 1974 [13] 
80. Asemwald, Germany, 1972 [13] 
81. Wohnanlage Genter Strasse, Germany, 1972 [13] 
82. Diagoon Houses, The Netherlands, 1971 [13] 
83. Montereau, France, 1971 [13] 
84. Norrliden, Sweden, 1971 [13] 
85. Orminge, Sweden, 1971 [13] 
86. Brahmshof, Switzerland, 1990 [27] 
87. The Transformable Apartment, Britain, 1996 [13] 
88. Tsukuba Two Step Housing, 1996- [53] [54] [55] 
89. Yoshida Next Generation Housing Project, 1998-2000 [56] 
90. HUDc KSI Demomstration Project, 1998 [27] [57] 
91. Housing “Living in Lohbach”, 1998 [58] [59] [60] 
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92. Baumschlager & Eberle Eco-School, 1998 [61] [62] 
93. Housing Sebastianstrasse,  Austria, 2001 [63] [64] 
94. Suitcase House, Hong Kong, 2001 [65] 
95. Suitcase House, Beijing China, 2001 [66] 
96. Sculpture ShowRoom of Naijing University, 2001 [27] 
97. Jia’s Flat, Hong Kong, 2002 [27] 
98. Gifu Kitagata Housing, Japan, 2002 [67] 
99. Urbanex Sanjo, Japan, 2002 [68] 
100. INO Hospital, Switzerland, 2004 [69] [45] 
101. Arabianranta Project, Finland, 2005 [70] 
102. Catamaran Houses, Russia, 2005 [71] 
103. Wohnanlage Eichgut, Switzerland, 2005 [63] 
104. Maya Project, China, 2006 [72] 
105. Multifunk Building, the Netherlands, 2006 [73] 
106. Klippinki Housing, Finland, 2006-07 [74] 
107. Solid Ijburg, 2008 [63] [75] 
108. E-Science Lab, Switzerland, 2008 [63] [76] 
109. vonRoll Library, University of Bern, Switzerland, 2013 [77]  
110. Krankenhaus AZ Groeninge, Belgium, 2014 [78] [79] 
111. Wohnhaus Kronsberger Straße, Germany, 1969 [13] 
112. Wohnhaus Schärer, Switzerland, 1969 [13] 
113. Alexandra Road, Britain, 1969 [13] 
114. Eastfields, Britain, 1968 [13] 
115. Sutton Dwellings, Britain, 1968 [13] 
116. Neuwil, Switzerland, 1965 [13] 
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5. Energy Strategies 
Authors: Arianna Brambilla, Stefano Cozza, Thomas Jusselme 
 
5.1.  List of abbreviations  
C Concentration CO2 
CCP Climatic cooling potential 
CDD Cooling degree days 
Db Internal system noise 
De External air noise 
DGI Daylight glare index 
DhC Number of discomfort hours weighted on the difference with the comfort upper limit 
DHW Domestic hot water 
Di Internal air noise 
Dt Temperature drift 
E Enlighten on visual task 
EE Embodied Energy 
Fc Free cooling  
g Solar energy transmittance of a windows 
G Irradiance 
GHI Global horizontal radiation 
HDD Heating degree days 
HI Heat index 
IEA International energy agency 
IPCC Intergovernmental Panel on Climate Change 
L’ Noise by shock 
LCA Life cycle analysis 
Mc Mechanical cooling 
Mo Manually operated 
n Utilization factor 
Nh(N) Hours with Top above (if summer) or below (if winter) the threshold defined by N 
OEn Operating Energy 
PV Photovoltaic panels 
Ra Radiant asymmetry 
SH Space heating 
So Operated by the system 
Tb Building temperature 
Tdp Dew point temperature 
Text External temperature 
Top Operative temperature 
Trm Running mean temperature 
Ts Surface temperature of floor 
Twb Wet bulb temperature 
U Thermal transmittance 
Uax Absolute humidity 
UGR Unified glare rating 
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UNEP United Nations Environment Programme 
Uo Uniformity of background 
Ur Relative humidity 
V Ventilation ratio 
Vf Wind velocity 
Vr Air flow velocity 
WMO World Meteorological Organization 
Table 10: List of abbreviations in energy strategy 
5.2.  Introduction 
The whole energy concept is related to reduce the Kaya factors  
𝑂𝐸𝑛
𝐸𝐸
 and  
𝐶𝑂2
𝑂𝐸𝑛
 , that are representative of the passive 
and active fields. As it is shown from the factors, the operative energy plays an important role in this poise, as it make 
the link between this two fields.  
 
Optimizing them, means finding the balance between the energy consumption during the operation phase, the 
quality and the CO2 content of this energy and of course the embodied energy used to implement materials and 
components into the building. Therefore, it is possible to make an observation: it is clear that the more the materials 
will be efficient from a life cycle point of view and the lower will be the CO2 content of the energy, the easier it will 
be to reach the goal defined by the LCA field.  
 
Passive and active strategies final goal is to achieve the indoor comfort desired, using an energy that is as “cleaner” 
as possible, balancing all the other requirements, such as embodied energy, environmental impacts and flexibility 
issue. The first step is to understand the starting point of the relationship embodied and operating energy to achieve 
the requirements desired. Then, thanks to a sensitivity analysis, it will be possible to understand where to focus the 
attention to improve the energy behavior. Second step is to understand which are the systems to provide this energy 
with the lower CO2 content per kWh.  
 
5.2.1.  Methodology of the state of the art 
The state of the art regarding the energy field aims to create a complete and clear picture of the requirements and 
the resources linked to the building design. The energy concept is defined as the way in which the building interact 
with the environment, providing the energy necessary to keep the indoor comfort conditions. It is composed by two 
different part: the active and passive strategies. Passive design is the filter between the indoor environment and the 
external context, and acts as mediation of these two different spaces. Active strategy, instead, is the other half of the 
energy concept, which try to develop the smartest way to answer to buildings requirements regarding the resources 
availability and the environmental impacts targets. As in Figure 42, it is clear that active and passive strategies cannot 
be separated from the context in which the building will works.  
 
As it is shown in the Figure 42, the importance of the environmental context and of the internal requirements is 
essential to set up better the whole energy concept. Knowing the strength and the weaknesses of the specific case it 
is fundamental to understand in which direction lead the future analysis and on which points put more attention. 
 
The definition of the internal environment and external context is therefore the first step to assess an energy concept 
that could be really effective for the smart living lab.  
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Figure 42: Energy concept 
5.2.2. Passive strategies framework 
 
 
Figure 43: Passive strategies families for winter and summer period 
Passive design is the combination of climatology, thermodynamics, fluid dynamics and human thermal comfort. In a 
building it is necessary to best use the resources available and achieve the comfort levels desired with the minimum 
demand of energy. Passive design is the process that support a good project; starting from the needs it set up an 
energy concept that will drive all the choices regarding architecture, technological system and technical installation. 
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In the last years, due to the economic crisis and fossil fuel scarcity, passive solar design has been developed and has 
progressed in knowledge and use from designers and the whole constructions world. However, a good design process 
starts from the availability on site and the goals of the building to achieve the right balance between each element 
of the passive design. The common knowledge divides the strategies into two big groups, depending on the season 
in which they act: winter and summer, as it is possible to see in Figure 43. 
 
These families of passive strategies are, however, very wide and their application needs to be weighed  in  context; 
improving all of them without any criteria could lead to the opposite results and increase the hour of discomfort, due 
to an uncorrected prioritization. The goal of the state of the art is to define which category of passive strategy will be 
implemented in the design and which one may be left aside. In this way, a first energy concept will be given and the 
future step of the research program will aim to validate it or better calibrate it. 
 
5.3.  Internal requirements  
Defining the internal requirements means understanding which is the building’s indoor context. In order to have a 
clear picture of this, it is important to understand the target values the design will aim to, and which is the internal 
situation of the building, meaning the loads and the gains related to the energy consumption. The first ones are the 
conditions and the goals of the design process that must be fixed before starting the optimization in order to have a 
clear understanding of what we want to achieve and why we are designing and choosing solutions for the smart living 
lab. The second, instead, is representative of the internal situation that will occur in meeting, or not, the goals. 
Building’s thermal balance is made on the losses (technical issue) and the heat gains (solar as architectural/climatic 
issue, internal as precondition). In order to understand how the balance will be affected by each component, it is 
important to see the importance of each factor.  
 
In this chapter building’s objectives are set and an analysis on design priorities in actual best practice in Swiss context 
is addressed. 
 
5.3.1. Comfort criteria 
The design target values are defined as comfort criteria and not energy consumption. This choice is driven by two 
different aspects: the final goal of the construction and the smart living lab purpose. The first one refers to the general 
aim of construction: providing comfort and creating a healthy space for users. As shown in the state of the art for 
flexibility field, the internal environment can influence users behavior and efficiency to achieve goals inside the space 
(for offices, for example, it affects the productivity); creating a mutual exchange between the perception of the 
quality of the spaces and the behavior inside it. For this reason it is important to create and guarantee a certain level 
of comfort, strictly related to the satisfaction and usability of the indoor environment.  The second one is related to 
the optimization process of the smart living lab that will involve more than just operating energy, thus enlarging the 
building’s dimension to the whole life cycle balance. Minimizing the life consumption of the building and, at the same 
time, minimizing the environmental impacts, could not coincide with the minimization of the operating energy 
consumption. For this reason the target value on the energy part will be led by the LCA analysis, while the final target 
value of the design during the operation phase will be defined by comfort criteria.  
 
Indoor comfort is composed by four main fields: hygrothermal, air flow quality, lighting and acoustic environment. 
Temperature and humidity are the most variable and difficult to control, for this reason some studies have already 
been done on the field, often with conflicting results; normative try to summarize the knowledge on this field, but it 
is impossible to detail a set of target values referring to just one source. For the smart living lab, the sources used are 
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SIA, ISO EN and ASHRAE, but the values are then checked scientific studies about human preference and behavior in 
order to adapt the value as much as possible to the real situation of occupancy of each zone. 
 
5.3.2. Comfort target values 
Temperature 
The design process will be focused on the achievement of the targets in a passive way, trying to not recur to 
mechanical treatment of the environment to meet the criteria. For this reason the thermal comfort model chosen is 
the adaptive one, described in ISO EN 15251[1]. In this model, the comfort is no more a static band around the 
optimum temperature, but a mesocomfort zone, described as the zone between the optimum comfort and the 
boundaries in which  the physiological and psychological answers of users[2] are found. The larger width of the 
temperature range is representative of the adaptive opportunity[3],[4]: the possibilities of users to do actions that 
help in meeting comfort. This range is defined from the external running mean temperature.  However, this is only 
valid  for free running buildings, where the correlation between external/internal temperature is stronger; for this 
reason it is necessary to set up another target if the passive cooling alone is not enough to keep the desired 
conditions. Using the criteria described in SIA 380/1[5], we suppose that cooling is necessary if daily heat gains are 
above 120 Wh/s2; in this case, the comfort model to be used is the static one, described in ISO 7730[6].  
 
Starting from the norms the values are then adapted in order to create a more accurate set of values for each 
occupancy zone of the smart living lab. 
 
The parameters considered are: 
 Top: Operative temperature, linked to the thermal sensation of users 
 Dt: Temperature drift, maximum difference of operative temperature per time unit 
 Ts: Surface temperature of the pavement 
 Ra: Radiant asymmetry for preventing local discomfort from surfaces temperature difference 
 
Predicting the maximum temperatures acceptable in buildings is highly difficult, since they involve establishing the 
distribution of comfort levels about the optimum represented by the comfort temperature. They may also require a 
judgment of the frequency of discomfort which will be acceptable for occupants: for this reason a maximum deviation 
allowed is set up, weighting the distance to the comfort range for each hour of discomfort.  
 
Humidity 
Humidity has only a small effect on thermal sensation and perceived air quality in the rooms of sedentary occupancy. 
However, different effects are related to extreme values of these parameters. On one hand, very low levels of relative 
humidity - less than 20% - are associated to dryness and irritation of eyes and air ways, causing a sensation of high 
discomfort and body disease. On the other hand, very high humidity ratio can cause microbial growth. The formation 
of mildew and spore is not directly caused by the air humidity, but by moisture on the internal surface, that must be 
more than 80% for three consecutive days[7]. It is obvious that high internal relative humidity makes it easier to meet 
these conditions. The adaptive model of comfort, related to summer conditions, does not fix any threshold, even if 
the sensation of “warm” is mainly connected to the wittedness of the skin. Oppositely, the static model, 
representative of the winter condition where the sensation of “cold” is given mainly by the temperature, the risk of 
fungal growth limits the humidity to a certain level.  
 
Given that in Switzerland, mildew is a problem for 1 apartment on 4.5[8], a maximum target value is introduced to 
limit these effects. The value is deducted from several studies about thermal comfort and humidity, for example it is 
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known that dust mites, pathogens for different airways diseases, take water directly from air and the perfect 
environment for their growth has an average value of  Ur between 70% and 80%[9]. At the same time formaldehyde 
is released into the air by materials as faster as higher is the temperature or humidity inside the spaces. For this 
reason, the threshold adopted is between 60% and 70%, depending on the type of use space. 
 
The parameters considered are: 
 Ur: Relative humidity 
 Uax: Absolute humidity 
 
The upper boundary is defined as the limit beyond which the human body can have problems in its thermal regulation 
due to the influence on the evaporative heat losses. 
 
Regarding this issue, it will be important in the next research phase to investigate further the effects of humidity on 
thermal comfort; especially regarding the fluctuation between high values.  
 
Air quality 
No common standard index has been found in literature to define the indoor air quality. Following the normative 
values it is possible to set up a combination of criteria that can help in keeping the inside air healthy and comfortable. 
The health criteria are met by the requirements of ventilation for comfort.  
 
The parameters are: 
 Vr: Ventilation ratio 
 V: Flow velocity 
 C: Concentration of CO2 inside the space 
 
Lighting 
Lighting targets are set on the measurement of the illuminance on the task area.  However, it is important to also set 
other parameters that control the visual environment to guarantee an adequate lighting comfort, which it is 
important to avoid eye strain, especially in the working space. If possible, enlighten requirements should be achieved 
with natural light.  
 
The illuminance and its distribution on the task area and on the surrounding area have a great impact on how 
quickly, safely and comfortably a person perceives and carries out the visual task. Daylight can supply all or part 
of the lighting for visual tasks, and therefore offers potential energy savings. Additionally, it varies in level, 
direction and spectral composition with time and provides variable modelling and luminance patterns, which is 
perceived as being beneficial for people in indoor working environments. Windows are strongly favoured in work 
places for the daylight they deliver, and for the visual contact they provide with the outside environment.[10]  
 
Sedentary work is also sensitive to the glare problem. However, up until now, there is no accepted method or 
uniformity to define a parameter that can describe this phenomenon. For this reason, the unified glare rating is used 
for artificial appliances, and the daylight glare probability is used for natural light. On the other hand, it is important 
to say that the most important glare discomfort is due to the direct sunlight entering the space, but there is no 
standard methodology that can help in defining this value. In literature it is possible to find studies that use an 
utilization factor [11][12], as ratio between the total amount of useful solar energy and the maximum solar energy 
available. A factor of 1 corresponds to an optimum situation in which users do not influence the solar gains acting on 
the building, minor value, instead, is representative of a situation in which occupants use shading or blinds to prevent 
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glare, excluding from outside the free solar energy. This parameter is, however, strictly dependent on the design and 
construction of the building, as well as the behavior and the possibility of interactions of users. For this reason, it is 
necessary to further investigate the issue, trying to understand how it will be possible to include this into the future 
assessment of the smart living lab behavior.  
 
The parameters used are: 
 E: Enlighten on the task area 
 Uo: Uniformity of illuminance, take into consideration the lighting of the background area and the 
surrounding area 
 UGR: Unified glare rating 
 DGP: Daylight glare probability 
 
Acoustic 
Acoustic target values for comfort do not influence the energy consumption of a building directly, because they are 
related only to passive action such as insulation or orientation of the indoor spaces.  
 
The acoustic comfort is driven by the position of the noise source, for this reason the parameter considered are 
related to the minimization of the inside noise and the defense against the one coming from outside or other 
functional spaces.  
 
The parameters are: 
 Db: indoor noise system  
 Di: internal noise in building between different areas 
 De: external noise 
 L’: shock noise 
 
Comfort values 
The comfort target values for the smart living lab, divided per use space, are summarized in the table in Annex 1. It 
is important to notice that the concept will be tested also with the assumption that the internal requirements from 
users will change in the future. The future population, in fact, may have different comfort preferences and the smart 
living lab should be able to answer or to adapt to this change. The laboratory LASUR is assessing a social study, based 
on surveys among the same typology of occupants as those of the smart living lab, which will help to define a new 
set of values for testing the sensibility to internal comfort requirements of the building. 
 
It is possible to plot the hygrothermal comfort on the psychometric chart, as in Figure 44, to compare each use space 
and see which one requests higher (or lower in summer) temperature and, consequently, more energy, meant as life 
cycle, spent for achieving it.  
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Figure 44: Hygrothermal comfort for dwelling (above) and office (below) 
The spaces are plotted as sum of area, starting from the closer one. It is also possible to see the extension to higher 
value in case of adaptive approach as defined in the target values. The upper temperatures level is set up by the 
maximum Top allowed regarding to the maximum Text in Fribourg. The graphs are a useful tool to understand the 
correlation between each space and to relate it to the energy concept. The wider the zone, the easier to achieve the 
results. Spaces with less strict requirements can meet the comfort range with larger internal conditions. In this way 
it is possible to say that a bigger zone needs less adaptability of passive strategies to keep the indoor environment 
comfortable without spending energy for conditioning.  
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5.3.3. Case studies 
For the realization of this state of art, a careful selection of case studies has been done. The criteria used for the 
selection of such cases were discussed and approved by all team members. Stringent criterion is the geographic 
positioning, case study building must be in Switzerland.  This is to try to maintain the external condition the more 
homogeneous as possible and in this way better underline the real performance of the building. The decision to only 
choose buildings in Switzerland also allows greater accuracy in the DHW and electrical consumption, which may vary 
from country to country depending on people’s habits. Second parameter is the “quality” of the building, in the sense 
of energy efficiency. So only buildings with the Minergie label or at least approved by the SIA 380/1 have been chosen. 
The third criterion is the intended use. The smart living lab will be a mixed-use building with a large area for housing 
and office, but also experimental space, which makes it very rare. Last parameter is the date of construction of the 
building, which could not be older than 2004. So all the case studies of the last 10 years have been gathered. Homes, 
offices, schools, light industries and mixed buildings, with particular attention to the first two types, have been 
selected. At the end 21 building for housing, 9 offices, 2 schools, 2 light industries and 2 mixed buildings were chosen. 
To collect all this data, PhD thesis [13][14], the database Minergie and the contact with the designers were used. As 
it can be seen on the Figure 45, despite the fact that all buildings are certified and in Switzerland, there is a big 
difference in consumption, because of the different technologies used. 
 
 
Figure 45: Case studies energy demand-consumption for dwellings 
The Table 11 shows the results only for homes, but the same work has been done for all the other cases to better 
understand the differences for each field of consumption for each destination of use. Nevertheless, for some of the 
cases there is a lack of data, and some fields (ex. lighting) are evaluated using the SIA standards, and not making a 
real calculation for each case. This is something done directly by the architects, that assume this general values 
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without taking in account the real properties (ex. exposition) of the building. So this value becomes interesting to 
better understand his importance in the total energy consumption.  
 
Case study Heating 
demand 
[kWh/m2
] 
Hot water 
demand 
[kWh/m2] 
Ventilation 
consumption 
[kWh/m2] 
Lighting 
consumption 
[kWh/m2] (with 
auxiliary) 
Household 
electricity 
consumption 
[kWh/m2] 
John-mfh01: 36.00 20.31 4.00 - 31.39 
John-mfh02: 29.44 20.83 6.67 - 19.97 
John-mfh03: 19.44 5.78 0.92 - 28.06 
John-mfh04: 47.03 33.72 - - 22.50 
John-mfh05: 32.78 20.56 5.10 - 22.64 
John-mfh06: 3.69 1.50 0.92 - 25.72 
John-mfh07: 13.33 20.81 3.36 - 23.17 
John-mfh08: 21.67 20.83 6.67 - 18.72 
John-mfh09: 11.67 20.81 3.11 - 27.44 
John-mfh10: 31.94 5.78 7.72 - 31.39 
John-mfh11: 6.39 19.56 3.31 - 25.97 
John-mfh12: 7.81 20.81 2.10 - 30.00 
Solarcity 19.00 48.00 13.00 - 20.00 
House A.15 Wyss 15.83 13.89 1.67 10.83 - 
House A.17 Wyss 13.06 13.89 3.06 12.55 - 
House A.18 Wyss 12.50 13.89 3.06 10.83 - 
House A.19 Wyss 36.00 13.89 1.67 10.83 - 
House A.24 Wyss 13.33 13.89 1.67 10.83 - 
House A.27 Wyss 31.94 13.89 1.67 10.83 - 
House A.28 Wyss 6.39 13.89 1.67 10.83 - 
Table 11: House energy demand-consumption 
In the Figure 46 instead are summarized the systems used to provide to this energy demand. It is clear that the 
most frequently used technology, both for the SH and the DHW, is the heat pump. Regarding only the DHW, solar 
thermal energy is a solution almost always used, also if  it is often coupled to other systems, and it’s very rarely  
used alone to fulfill the total requirements. To conclude, the active systems that will need more attention in the 
next research phase are the heat pump, the wood pellet boiler and the solar collector, all of them used with the 
technology of the PV. The latter does not look very used regarding this cases but this is only for an economic 
reason. In the last two years the production by PV has increased a lot and the cost is lowering. In the 2020 the PV 
energy  is expected to have the same cost of wind or biogas energy [15]. It is a technology that will be therefore 
very important in the energy concept of the Smart Living Lab. 
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Figure 46: System used in the analyzed case studies 
 
5.3.4. Building requirements  
As shown in the previous section, the electricity consumption (for appliances and lighting) is very high in the final 
balance and, sometimes, for very well designed building, it is the highest value. This is confirmed in the Figure 47, 
where the average values of primary energy consumption are shown for different kind of buildings.   
 
As represented in Figure 47, the higher the performance of the building (Minergie-P), the higher the weight of the 
electricity consumption. Therefore, it is clear that also in the smart living lab which will be a highly performant 
building, the consumption for lighting and appliances, must be taken seriously into account from the design phase. 
This consumption has been quantified using a first draft of destination of use (1000 m2 of housing, 950 m2 of offices, 
600 m2 of experimental hall and 150 m2 of meeting room) and the SIA norm [17].Matching this information it is 
possible to have a first idea of what the requirements of the building will be, only with regards to appliances and 
lighting, and then how to provide to it. The results for a normal working day are shown in Figure 48, compared with 
the power available from the sun in two different months. The latter has been calculated by PVGIS [18], using a 
catchment area of 813 m2 (the surface of the roof in the smallest architectural draft), a tilt for the panels of 0° and 
an efficiency of 16%. 
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Figure 47: Primary energy consumption in Swiss buildings [16] 
 
 
 
Figure 48: Smart Living Lab power demand - Power given by PV panels on the roof 
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Some important considerations can be done by looking at the Figure 48. During a normal working day there are not 
high variances of consumption. There is a clear difference between night and day, and within daily time there are 3 
different peaks linked to eating time. But it is important to remember that this is a power requirement done using 
SIA norm, so it is representative of the current consumptions of Swiss buildings in that field. It is therefore possible 
that the Smart Living Lab will have different consumptions, for example using a different policy for the lighting. In 
some months (ex. July) it is possible to cover almost all the electricity demand by the photovoltaic system. In other 
months (ex. December) the radiation is insufficient to coverer the requirements. Given the big GHI difference 
between summer and winter, it is very important to think a way to store the energy that it is produced in excess.  
Also, the energy storage must work in a seasonal way (ex. hydrogen). 
 
5.3.5. Design priorities 
The case studies are helpful for a first analysis about the design priorities for the smart living lab. They are the 
expression of the best practice in the construction sector in Switzerland and they are built to meet the criteria of the 
Minergie standard, focusing the attention on the reduction of the operating energy. The first draft of the energy 
concept is set up on crossing the information about the resources available and the criticisms that the building will 
face. For this reason, it is possible to start with an estimation of the main issue similar constructions have, to 
understand the order of magnitude of each parameter in the energy consumption during the operation phase.  
 
The energy-consuming factors in a buildings are: heating, cooling, domestic hot water, lighting and electrical 
appliances. 
 
The case studies are analyzed through the energy demand and not the primary energy consumption. However, the 
information available was not always complete. For this reason, when there was a field not described, the mean value 
was used. The ranking criteria is based on the average weight of each factor on the total consumption. 
 
The score starts from 4 to 1, where: 
1. Not significant 
2. Averagely important 
3. Very important 
4. Priority 
 
Divided as follow: 
 1 :     0 – 5 %  
 1.5 :  5 – 10 %  
 2 :     10 – 15 %  
 2.5:  15 – 20 % 
 3 :     20 – 25 % 
 3.5 :  25 – 30 % 
 4:       >30 %  
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Figure 49: Research priorities given by the case studies for the different destination of use 
The light industries do not have any weight on the appliances because, this parameter is strictly linked to the type of 
activity made inside, more than all the other use destinations. In order to not make any assumptions that could easily 
mislead to wrong results, the parameter is not considered for this category. 
 
It is possible to understand from the analysis, that the main priority in Switzerland for all the functions, is represented 
by the thermal loads. Cooling, instead, seems to be not an issue in any typology, neither offices, where the internal 
gains due to the appliances are usually very high. It is clear that the design should be focused to solve the criticisms 
of the heating season. Appliances have a high importance within the case studies, this is due to the fact that the 
buildings used are representative of the best practice today, where the envelope is well insulated and the thermal 
losses minimized: in low energy buildings, the electricity demand from appliances is greater due to decrement of the 
thermal one. On the other hand, lighting weight is almost constant in all the typology, except from light industries. 
This result is aligned to the internal comfort objectives defined, where the lighting for the experimental hall is higher 
than in the other use spaces.  
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A criticism of the analysis is that the cases do not specifically concern the smart living lab, but they are necessary to 
give the direction of the design and to quantify the order of magnitude of each parameter. Results must, however, 
be validated with the future simulation.  
5.4.  External context  
For external context is meant the whole set of parameters and conditions that can characterize the framework in 
which the building will work. Defining the context means, therefore, understanding the constraints and the strengths 
of the site. At the same time, it also means understanding if the criticisms can be solved or must be considered as 
fixed assumptions and how it is possible to deploy the opportunities that are present and inherent to the construction 
area. The analysis has been divided into two different macro-areas: one is related to the construction site and its 
relevant aspects, the other is represented by the climatic context of Fribourg. Both of them will affect the design and 
the operational energy use and so it is important to understand how they can interact with the smart living lab. 
 
5.4.1. Environmental context 
The environmental context is defined as the external conditions or surrounding, in which the building acts and which 
tend to influence its development and behavior. Defining it means understanding the condition of the site and the 
resources available in the nearby area. For this reason, two types of analysis are made to clarify the context and 
translate it into pragmatic indication useful for the design stage.  
 
Site analysis 
The site analysis aims to define the constraints and the weaknesses, as well as opportunities and strengths of the 
area. Since the Bluefactory area has been object of a public competition for the masterplan design, several studies 
about it are already available. Taking the documents available from the competition[19], it is possible then to 
complete and verify the information thanks to specific cantonal rules and more general tools available[20],[21],[22]. 
In particular, the last reference is a complete set of documents, provided by the Fribourg Commune, where it is 
possible to check on plans and official cartography the actual situation of the site interested. On the below table, the 
main issue analyzed, the value associated to each parameter and the reference are reported. In the following tables 
it is possible to see the main findings. 
LOCATION Blue Factory Site – Fribourg CH  
SURFACE 53 000 sm 
Guichet Cartographique 
du Canton de Fribourg 
ALTITUDES 
Average: 630 m 
Maximum: 665 m 
Minimum: 617 m 
Google Earth 
REMARKS 
24% of green spaces 
More than 1000 little species reported to be living in the Fribourg 
area 
Guichet Cartographique 
du Canton de Fribourg 
Table 12: Site context 
SUN 
AVAILABILITY 
Maximum: 1702 h in 2013- average 1750 h 
Minimum: 203 h in winter 2011 – average 250 h 
Database  
prevsion-meteo.ch 
TEMPERATURE Maximum: 32.2 °C in 2013 
Minimum: -18.9 °C in 2012 
Database  
prevsion-meteo.ch 
PRECIPITATION Average: 683 mm 
Last year: 834 mm in 2014 
Database  
prevsion-meteo.ch 
WIND No main direction Database  
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Average speed: 11.5 km/h 
Maximum speed: 113 km/h 
prevsion-meteo.ch 
Table 13: General climatic context 
NOISE 
Actual zone: 4, maximum 60/70 dB 
Future zone: 3, maximum 55/65 dB  
SITECOF 
UNDERGROUND 
WATER 
Protection zone: uB SYSIF 
SURFACE WATER Infiltration zone: low PGEE 
BIODIVERSITY Zone of protection: low 
Guichet Cartographique 
du Canton de Fribourg 
Table 14: Site features 
 
TRAFFIC 
Plus 0.5% daily traffic (from 2014 to 2024) 
Equal to improvement of 10% of daily noises 
Equal to 5% of night noises 
Route cantonale, 
Service de ponts et 
chaussèes, Route 
communales, cadastre 
du bruit de la ville de 
Fribourg 
TRAFFIC NOISE Increase limits to 1dB OBP Art.9 
INSTALLATION 
NOISE 
Limits of emission value on facades:  
65 dB per laboratories and 60 dB per housings 
OBP Art.9 
AIR QUALITY 
The most pollutant factor is traffic, the project must limit the 
improvement of daily traffic and enhance the public transport 
Sen, Annex 2 
EXCAVATION  
Digging waste are to be meant as contaminated waste, to be 
threaten 
Osites Art.3 
WATER 
MANAGMENT 
Separation of clear and dark water 
Grid already prepared 
Drain water harvesting tank: min 316m3 
PGEE Fribourg 
Table 15: Project impacts 
 
Resources analysis  
Energy use in Switzerland produces the lowest CO2 emissions per unit of Gross Domestic Product in IEA member 
countries, matched only by Sweden. Switzerland had also one of the lowest CO2 emissions per capita in the IEA 
member countries in 2010, the carbon intensity of energy supply is so low because renewable and nuclear energy 
have a high share in total primary energy supply (TPES) [23]. But in the next few years the scenario is going to change 
due to the decision taken in 2011 to not build new nuclear power plants and to turn off gradually those that are 
working [24]. Consequently, to respond at the increase of the energy demand, the gas import and especially the use 
of renewable energy are going to increase[25]. This will bring about a change in the energy mix in Switzerland, with 
a decrease of CO2 content per kWh. In the Table 16 it is possible to see the actual production of electricity in 
Switzerland and in the Canton of Fribourg, with all the different sources.   
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Switzerland Fribourg 
 
 
Production 
Elec. [GWh] 
[23] 
Production Heat 
[GWh] [23] 
Production 
[GWh] [25][26] 
Cost of kWh 
[cts/kWh] [24][15] 
Quantity of CO2    
[g Co2/kWh] [27] 
Oil 53 127 0 8 979.2 
Gas 923 1044 0 8 - 12 468 
Biofuels 527 437 1500 
(potential) 
16 - 24 
178.2 
Waste 2209 3079 7.3 
Nuclear 25441 380 0 4 - 5 23.6 
Hydro 40305 0 647.2 6 - 9 12.6 
Geothermal 0 2481 
205.8 
(potential) 
11 - 15 55.1 
Solar PV 320 0 16.5 80 - 100 95.1 
Solar 
thermal 
0 515 - 16 - 24 41.8 
Wind 88 0 0 25 - 29 26.4 
Table 16: Sources of energy in Switzerland 
Looking at the renewable energies at local level, as summarized on the Table 17, there is availability of solar energy, 
low depth geothermal power and the chance to use some waste heat, or urban wastes/biomass [28] in the 
BlueFactory site. The resources that are not available are wind-energy and hydro-energy. Regarding the wind, the 
analysis of the data shows that the average wind speed in Fribourg is less than 3.1 [m/s] [29] per year, too weak to 
implement a standard machine [30]. As for hydroelectric power, usually a strong resource in Switzerland, there is no 
chance to increase production and use energy from this source, because the 91% of the potential of hydraulic power 
in Fribourg is already being exploited [24]. 
 
Sun  
High GHI values (average annual sum 1250 kWh/m2), but very 
various between summer and winter 
SOLARGIS 
Hydro 
The 91% of the potential of hydraulic power in Fribourg is already 
being exploited 
Etat de Fribourg 
Future district 
heating 
New grid development between Granges Paccot, Fribourg and Agy 
1700 MWh/a  
Solar Decathlon Energy 
Concept 
Geothermic 
8.6 GWh/y electrical, 23 GWh/y thermal of potential for the 
BlueFactory 
The SwissTerraPower 
consortium 
Wind  Low potential of wind speed and no main direction to be exploited windfinder  
Industrial waste 
197 GWhel + 140 GWht in Swiss context 
Villars industrial site: heat availability 
Concept energetique 
Blue Factory, Energie 
Concept, rapport 
29/11/2013 
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Table 17: Resource at site 
More at a building’s level, despite the availability of solar power, the use of this resource can be elaborated. This 
because of the great difference of GHI during the year. As it is shown in the Figure 50, about the 50% of the radiation 
is concentrated in only three months [31]. It will be necessary to think about a seasonal storage for the exceeding 
energy. 
 
Figure 50: Distribution of the solar radiation during the year 2014 
Another resource with a big potential is renewable energy from biomass. Biomass is a viable solution because the 
site is located in proximity of the railway and therefore supplies of new biomass would be easy to obtain. Biomass is 
already quite used in the form of single boiler, but the energy production can be further increased by using this 
technology at bigger scale (to heat not only the Smart Living Lab) and consequently increasing its efficiency. In the 
Table 18 it is possible to see the potential production of the Smart Living Lab, referring to its geometric size. 
 
Photovoltaic  152 MWh/y per horizontal 813 sm PVGIS 
Solar thermal 72 MWh/y per surface 160 sm 
Appel A concept 
énergétique Blue 
Factory, Groupe e, 
rapport 2013 
Geothermic 
232 MWh/y per probe’s length: 1500 m SH + 800 m DHW 
63 MWh/y geocooling 
Appel A concept 
énergétique Blue 
Factory, Groupe e, 
rapport 2013 
Table 18: Resources at building's level 
 
Observations 
The main finding of this analysis is that there are no big constraints related to the site for the construction and the 
design. The soil has a very low draining capacity, and a rainwater harvesting tank should be implemented in the 
district planning, in order to store water for the extreme rain events. The closeness to the railway is a criticism for 
the noise protection that should be checked and verified during the design stage in order to see whether or not the 
activities inside the building can be affected, causing acoustic discomfort. On the contrary, the infrastructure is well 
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developed around the area and this can be a strong opportunities for smart living lab, which will be a melting pot and 
a strategic point for the whole city. These three findings could influence the district design but no one can directly 
impact on the smart living design for the research program.  
 
The resources analysis, instead, points out that the solar availability on the area has a great potential for active 
systems and, therefore, a deeper study about the correct balance between position, technology and needs should 
be carried out during the next phase. As from the Figure 51, another big resource for the smart living lab is 
represented by the great amount of industrial waste generated by the nearby productive area: Chocolate factory 
Villars for example, is estimated to waste every year a lot of heat used during the chocolate process. It should be 
advisable to try to reuse this free power at a district level, creating a sort of exchange between the different buildings 
of the Bluefactory. On the contrary, wind power will be not developed as main source of electricity and wind turbine 
implementation will be developed only if necessary, as a side technology of production. (Resume in Table 19) 
 
Figure 51: Image of the site with the main features deducted from the analysis of the context 
STRENTGHS WEAKNESS 
Easy access to the site Close to the railway route 
Close to infrastructure facilities 
Low wind usability (no main direction and 
low average speed) 
High solar availability and high surface for installations Low drain capacity of the soil 
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Industrial waste availability 
No possibilities for electrical grid’s 
renewable integration 
High easiness of technical re integration during the construction  
Future improvement of the electrical grid  
Low risk for construction and low impacts on environment  
Table 19: Résumé of the main findings regarding the Bluefactory site 
5.4.2. Climatic context 2015 
The climatic context of 2015 aims to identify are the peculiarities of Fribourg weather which could directly influence 
and have an effect on the passive strategies energy concept. In this first chapter, the general situation is described 
to picture the possibilities for bioclimatic strategies and to dictate which should be the direction to develop, 
addressing new deeper analysis. The weather file used is taken from the software Meteonorm, the same used for the 
creation of the dataset for SIA verifications. The city is interpolated between the Payerne, Berm-Liebefeld, Neuchatel, 
Burgdorf, Interlaken and Pully stations. The software developer assures that the errors contained in the interpolation 
is robust and within the annual variation of each location [32]. The dataset used is the statistical average of 2000-
2009 for temperature, humidity, wind and precipitation, and 1986-2005 for solar radiation. 
The parameters analyzed are the most correlated to the passive strategies potential: 
 Temperature gives the distance to the comfort zone, the main issue in terms of conditioning and the idea of 
the magnitude of the requests 
 Humidity, related to comfort and health problems, regarding to the type of climate (arid or humid) it will be 
possible to choose which passive strategies should be develop 
 Wind velocity and direction, gives the potential for active production but also the possibility to implement 
or not ventilation strategies 
 Solar radiation, related to the active production, but also to the passive use of gains for winter or the need 
of protection in summer. 
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Figure 52: Fribourg Climate 
From the data it is possible to notice that Fribourg has a very high relative humidity: the range of value is never 
below 50%, the data are generated with Meteonorm, but has been validated by SIA[33] and the 1961-1990 
statistical value taken from the official meteo site[34]. Moreover, even when the minimum values are lower, the 
correspondent maximum ones are not following the same trend.   
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Figure 53: Average monthly humidity comparison for different Swiss locations 
Comparing the data with other Swiss locations, as shown in Figure 53, it is possible to see that the geographical 
influence on the territory is relevant for this issue: the humidity of whole Fribourg-Bern zone is relatively higher than 
the rest of the country. The reason for this is found in the orography: Switzerland has a large number of lakes, whose 
evaporation increases the water content in the air. Moreover, the west region suffers from the influence of the 
Atlantic Ocean, which brings a temperate and humid wind inside. However, the effect of the “foehn”, the hot and dry 
wind from the Alps, cannot reach the Fribourg area, and cannot therefore  benefit from  it, as Lausanne does[34]. 
 
High levels of humidity corresponds to comfort and health problems as well as easy degradation of materials and 
components. However, the humidity problem in Fribourg is not seen as a big issue, since there is no particular 
legislation that fixed the internal rate allowable, and the mechanical ventilation was introduced by the Minergie 
standard in the last years, focusing on this issue only recently. It will be important, therefore, to understand the 
reasons of this lag, the real effects of humidity in the region and the concrete repercussion on building’s components 
and human life. An issue for the future development of the research program will be the assessment of humidity 
impacts and the necessary treatment. 
 
On the other hand, temperatures indicate a rigid climate: the mean value is always below the limit of winter comfort, 
signed as 20°C. The monthly maximum, calculated as mean of the daily maximum, is less than 25°C, highlighting the 
results of the design priorities: heating is the main issue.  
 
Wind analysis confirms the low potential for the active electricity production due to this resource. However, low 
value can be used for natural ventilation or be improved by district planning to change the site conditions, if needed. 
For this reason, further analysis will be done to understand deeper the favorable use of it.  
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Diffuse radiation is both scattered by the clouds and atmosphere, while the global one does not consider this 
phenomena. From the graph it is possible to notice that the difference between summer and winter of the two 
parameters is very different. Moreover, it is possible to see the high deviation of the value from the average during 
the cooling season: this is very important because it highlights that solar radiation is less but more constant on winter 
and, therefore, it is reasonable to implement solar gains catching measures inside the energy concept.  
 
5.4.3. Climatic changes 
The smart living lab will be tested for the 2015 Fribourg climate but also for future climates. Introducing a time shift 
will allow to understand the sensitivity of the design to climate change and validate the design or see where there is 
a necessity of implementation of the energy concept. 
 
 
Figure 54: Methodology for testing the robustness of the design to climate change [17] 
In order to perform the analysis under future climate it is necessary to refer to the already existing climate change 
scenarios, given by the Intergovernmental Panel on Climate Change (IPCC), an organization established by World 
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meteorological Organization (WMO) and the United Nations Environment Programme (UNEP) to assess the scientific, 
technical and socio-economic information relevant for understanding the risk of the climate change. The so called 
SRES SCENARIOS are based on analysis of existing scenarios in literature and analysis of driving forces, relationships 
and characteristics of each of them. On these data there was the formulation of 4 storylines of future scenarios with 
the following quantification of each of them with modeling approaches coupled with an open review process[36]. 
There are different families of future scenarios, related to different trends of the driving factors; for the research 
program, three different are chosen, each of them representing a probable different situation.  The METEONORM 
software is used to create the file. It works on a synthetic weather generator. Starting from known statistical 
relationship between observed climatic variables, projections are then used to stretch these links. 
 
It is clear that future is unpredictable, and the scenarios are highly uncertain, however, based on the current state of 
climate science, the CH2011 studio offers this interpretation of the uncertainty range: the expected possibility that 
actual values will fall within the range of value given is two on three for temperatures and one on two for 
precipitation[37]. In the research program, the weather uncertainty is threatened in a simplified way: using the three 
different scenarios it is possible to create a range of value in which the smart living lab has to work. It is possible to 
have an interval of results in which the real performance will fall, by analyzing the behavior of the building according 
to all of them 
 
Scenarios 
The scenarios chosen are A1B, A2 and B1[36].  
 A1B describes a very rapid economic growth, global population with a peak in mid-century and a decline 
after; rapid introduction of new and more efficient technologies in the energy system with a balance across 
the sources (fossil and renewable). 
 A2 describes an uncontrolled continuous increment of global population; relying on fossil fuel and 
technological change is more fragmented and slower. This is the most uncertain scenario and represents the 
strongest warming potential. 
 B1 describes a rapid change in economic structure, with reduction in materials intensity in favor of a service 
and information economy; introduction of clean and efficient technologies.  
 
Differences 
A deep and complete analysis on climate change in Switzerland is already available and gives a deep and complete 
vision of the problem[37][38]. In this paragraph the most important results for Fribourg are reported, confirming the 
trend of the whole Confederation.  
 
For future scenarios the biggest uncertainty is related to the heating degree days and the cooling degree 
days[38],[39]. Defined as the difference between the temperature and the comfort zone, they are not just useful to 
estimate heating and cooling needs, but they are also useful parameters to set a fair comparison between different 
climate severity[40].The calculation is made based on the SIA method, considering a threshold of 12°C (normal 
construction), 10°C (efficient construction) and 8°C (very efficient construction) for heating, while for cooling the 
values considered are 18, 20 and 22°C.  
 
SCENARIO 
HDD  heating season HDD year CDD 
12°C 10°C 8°C 12°C 10°C 8°C 18°C 20°C 22°C 
2015 3274 3057 2747 3282 3057 2747 133 63 19 
2050 A1B 3068 2863 2500 3085 2863 2500 191 99 34 
2050 A2 3098 2901 2572 3116 2901 2572 183 94 32 
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2050 B1 3223 3009 2664 3250 3009 2664 153 75 23 
Table 20: Heating Degree Days and Cooling Degree Days for each scenarios calculated with different threshold of temperature 
Results in Table 20 show that the city is aligned to the studies cited, in fact, also in Fribourg HDD will decrease and 
CDD will growth, signing the trend of moving towards a milder climate. The data show that energy spent for heating 
will be less than now, while theoretical energy spent for cooling will be more influent in the yearly balance. In fact, 
HDD will decrease of 10%, but CDD will increase up to 85%. However, even if this means that cooling will be more 
and more important in time, the difference in 2050 will be not enough to invert completely the design priorities. The 
critical season will be winter. 
 
The scenario to which the analysis refers to is the 2050, and the changes are not yet so important and effective as 
the prevision for 2100 or later. However, the trend of the future is already visible, especially in the high variability 
scenarios. 
 
Figure 55: Temperature differences between 2014 (green line) and the other scenarios 
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Figure 56: Distribution of hours above 26°C 
In Figure 55 it is possible to see the difference between the actual weather file, the SIA indications and the future 
temperatures; in Figure 56, instead, it is reported the distribution of hours above each threshold. On average, the 
temperatures will rise up to 2°C. The maximum value will increase faster than the average, describing a more variable 
and standard deviation from the mean value in summer and balancing the temperature shift in winter. It is important 
to notice that, during the middle season, temperatures in all scenarios will decrease than the actual situation. This 
peculiarity can introduce, in the future, the implementation of new, different passive strategies. An interesting data 
is represented by the series of value given by SIA as the descriptive temperature for Fribourg: these are always lower 
than the actual one, showing a delate in updating the reference data in normative. This means that in Switzerland, 
buildings are designed on the basis of weather data that are already no more representative of the real climatic 
conditions, and, as consequence, constructions are dimensioned to answer to a more rigid climate. It is clear that the 
difference between normal buildings at the present time and the futures ones will be more important and more 
penalizing for the smart living lab. 
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Figure 57: Percentage distribution of humidity value. The biggest number of hours have a humidity value bigger than 
80% 
Humidity, which is already the biggest issue in Fribourg weather regarding the target value fixed for the internal 
requirements, will continue to increase in future, as shown in Figure 57. The criticism is related also to the distribution 
of hours, which will, in all scenarios, increase in the upper band of values, between 90 and 100%. This means that the 
probability to fall in Ur value outside the comfort range is much higher and frequent, almost 50% of the hours in one 
year will have Ur more than 80%. In 2050, as now, the moisture problem is the main issue to face, both on the 
materials/components point of view and on the comfort/health side. 
 
Heat wave analysis 
The extremes of temperature show the future trend: mean summer value will rise, bringing also a higher frequency 
of hot spells. Coupled with a very high level of air humidity, it is possible that external conditions can easily bring to 
a condition of thermal stress and peaks. This phenomenon is called “heat wave” and it is highly unpredictable 
situation, catalogued as weather anomaly. The analysis of the heat wave is very important because extreme events 
can easily  cause indoor overheating and situations of extreme discomfort[41]. The last exceptionally long canicule 
of the last years was registered in Europe in 2003. According to MetoSwiss, that summer was the warmest in the last 
250 years.  There were 975 deaths due to the extraordinary heat in Switzerland, where there were over  56 days with 
temperatures above 30°C and peaks of maximum daily value above 40°C, more than 5°C more than the 
averagely[42],[43]. The tendency is that heat waves are occurring more frequently: from one event every few 
decades to one every few years[37]. Since 2003, other events have been registered in 2006, 2010 and 2011. 
Unfortunately, there is no possibility to predict this situation in the long term; but an analysis on future trends can 
help to understand better the real danger related to canicule.  
 
Actually, there is no unified and common definition, not only in the value that defines the boundaries, because strictly 
dependent to the climatic preconditions, but also in the methodology. The Swiss government, for example, refers to 
the definition of MeteoSwiss, which  is based on the Heat Index defined by the National Oceanic and Atmospheric 
Administration[44]. However, there is still some confusion about it: the official Swiss definition does not report the 
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units of the index and, moreover, on some documents other descriptions are given. For this reason, two different 
approaches were used: the American one and the one reported by the Service du Médecin Cantonal Fribourg[45].  
 
 
Figure 58: Heat index for each day of the heating season. 80°F is the limits for human body stress, 90°F is the limit for real danger 
 
 
Method 1: METEOSWISS 
The assessment of heat wave’s risk is made through the evaluation of a parameter, called heat index (HI). This is 
calculated as a function of temperature and humidity with a complex algorithm, which is found to be valid only for 
the summer season. The boundaries of validity of this kind of analysis is given by the condition of temperature above 
27°C and humidity more than 40%. Different values of HI are associated to a different level of health danger:  
 
 80°F < HI < 90°F: CAUTION Fatigue possible with prolonged exposure and/or physical activity 
 90°F < HI < 103°F: EXTREME CAUTION Heat stroke, heat cramps, or heat exhaustion possible with prolonged 
exposure and/or physical activity 
 103°F < HI < 124°F: DANGER Heat cramps or heat exhaustion likely, and heat stroke possible with prolonged 
exposure and/or physical activity 
 HI > 124°F: EXTREME DANGER Heat stroke highly likely 
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If HI is above 90°F for more than 3 consecutive days, it’s considered as a heat wave. However, all the value above 
80°F in the analysis are considered and plotted on the graph. 
 
Method 2: SERVICE DU MÉDECIN CANTONAL FRIBOURG 
Given the high value of humidity of the region, the Health Office of the Canton states that it is possible to define a 
heat wave as the days in which the maximum daily temperature is above 32°C and the night one above 20°C. From 
Figure 58, it can be seen that there isn’t any risk of heatwave according to the Heat Index definition, neither in 2015 
nor in 2050. However, the value of the index is increasing fast, both in terms of value (more days with HI>90°F) and 
in terms of presence (more days with HI>80°F). According to the second definition, in 2015 there is no risk of heat 
wave and in 2050 just in one scenarios (A2) there is one day (21st July) in which maximum temperature could be 
32.8°C and during the night 24.3°C. The weather file used for assessing the analysis, both for the actual situation and 
the future climates, are representative of the average set of values. Even if there is no clear clue of heat waves in the 
future, the higher values and the more frequent presence of peaks during the cooling season may bring the building 
to a situation of overheating. Simulation and analysis must be done to validate the design and to assess this risk.  
 
5.5.  Optmization of resources 
Regarding the findings obtained during the previous analysis, it is important to assess the potential of the climate in 
relation to the possible bioclimatic strategies that could be implemented in the smart living lab. As said, passive 
strategies can be strictly related to the natural resources available on site or there can be architectural and technical 
solutions that respond to a determined need. The natural sources related to the different families considered are 
reported in Table 21. The following analysis tries to understand if the implementation of the main bioclimatic 
approaches is advisable with regards to the climatic conditions and the internal requirements. 
 
Family Aim Solution’s type  Parameters  
Protect 
protecting the interior 
boundaries from the external  
architectural 
(technical) 
SUN global radiation, direct radiation 
Dissipate 
enhancing the thermal 
exchange between the indoor 
and the outdoor 
architectural 
(technical) 
AIR 
ambient temperature, temperature 
swing, wind direction, wind pressure, 
relative humidity, specific humidity 
Exchange 
maximize the influence of the 
boundary surfaces within the 
thermal exchange 
technical 
(architectural) 
AIR 
ambient temperature, sky clearness, 
sky temperature, relative humidity, 
specific humidity 
Avoid 
minimizing the internal sources 
of heat 
technical and 
architectural 
SUN global radiation, direct radiation 
Distribute 
spreading the heat 
homogenously in the indoor 
spaces  
technical and 
architectural 
AIR - 
Store 
enhancing the ability of the 
building to keep the heat  
technical and 
architectural 
AIR 
SUN 
ambient temperature, temperature 
swing, direct solar radiation 
Limit 
minimizing the influence of the 
boundary surfaces within the 
thermal exchange 
technical AIR ambient temperature 
Exploit 
maximizing the internal sources 
of heat 
technical 
AIR 
SUN 
ambient temperature, direct radiation 
Table 21:The passive strategies families and the natural source related 
   
 
 
107 / 138   
 
 
5.5.1. Heat gains 
The design priorities identified by the case studies are the thermal loads, meant as heating demand and domestic 
hot water. For this reason the solar availability and the possibility to use the internal gains as a real resource must be 
analyzed. The common knowledge suggests that in cold climates windows should be designed, sized and orientated 
to maximize the heat gains; moreover, windows producers have introduced a coefficient of the elements, called Solar 
Heat gain Coefficient (SHGC). This parameter is defined as the fraction of incident solar radiation that enters 
indoor[46]. However, transparent surfaces are also the criticism of the envelope, with lower U value, surface 
temperature and thermal capacity. For this reason, it is important to understand if the positioning of a window and 
its relative thermal losses are compensated from the solar gains. A method to assess this analysis is to define a solar 
irradiation threshold, defined as the energy necessary to balance losses through the glazing during the heating 
season[47]. The parameters involved are: 
 Glazing features as solar energy transmittance (g) and thermal transmittance (U) 
 Climate, defined by the heating degree days (HDD) 
 Utilization factor (n), to account the dynamic behavior of the buildings and its occupants  
 
The formula is then defined by the literature as: 
𝐺𝑙𝑖𝑚𝑖𝑡 =
24𝐻𝐷𝐷 𝑈
1000 𝑔𝑛
 
The analysis is made for two different type of glazing, one is the average common and the other a more efficient 
elements. The first set of value is characterized as: 
 U: 1.3W/m2K 
 g: 0.75 
 n: 0.6 [48] 
 
The second, instead: 
 U: 0.9W/m2K, target value from SIA[5] 
 g: 0.55, value for high thermal efficient glasses 
 n: 0.8, improvement due to the higher awareness of users and better performance of buildings 
 
Calculating the annual irradiation on a vertical surface with the main orientation the following results are found: 
 irradiation on south façade: 725 kWh/m2 
 irradiation on west façade: 486 kWh/ m2 
 irradiation on east façade: 459 kWh/ m2 
Comparing with the threshold calculated, it is possible to see if the facades received enough solar energy to balance 
the hypothetical losses. 
 
FACADE AVERAGE WINDOWS HIGH EFFICIENT 
WINDOWS 
THRESHOLD 210 kWh/ m2 180 kWh/ m2 
SOUTH yes yes 
WEST yes yes 
EAST yes yes 
Table 22: Potential to balance the thermal losses due to windows on each facade 
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From the Table 22 it is possible to see that all the facades received enough solar irradiation to compensate the losses. 
However the research must be also validated with an urban assessment, in which the relationship between buildings 
and shades will confirm or change these conclusions. The first conclusion on the solar potential is that, in order to 
calibrate the losses, it is not so important to implement high thermal efficient glazing. On the other hand, it is possible 
to notice that losses with the average windows are much higher and, related to the uncertainty of the weather and 
the high clouds covering of Fribourg, the high efficient glazing should be implemented to consider this factors.   
 
5.5.2. Evaporative cooling 
Evaporative cooling is a strategy that relies on the physical principle of phase change of water into vapor in an 
adiabatic way. It is the addition of vapor into the air, which has the effect of lowering the temperature. The energy 
taken to evaporate the water, in fact, is taken from the air as sensible heat and converted in latent heat at a constant 
enthalpy value. The effect on the environment is to cause a drop in the air temperature and a proportional increase 
of humidity content of the air. When this process occurs without the assistance of a mechanical fan[49], it is called 
passive evaporative cooling. It is clear that high wet bulb temperature and humidity of the air decrease fast the 
potential of this technology[50]. Therefore, the criteria to understand the real applicability of this strategy are related 
to temperature and humidity of the external air[51]: 
 external temperature > wet bulb temperature 
 higher is the difference, higher is the potential (around 10°C is suggested)[51] 
 wet bulb temperature must be within the comfort zone (indicatively between 9°C and 22°C) 
 
The analysis is made on the whole cooling season. The critical months for passive evaporative cooling is September, 
because temperature is above the thermal neutrality, calculated as ISO EN 7730, but the minimum value of relative 
humidity is higher than in the hotter months.  
 
As shown in Figure 59 the results indicate that the difference between the two temperatures is not enough, according 
to the definition, and constant to set up a real and effective cooling strategy. Moreover, to have a real effect on the 
internal temperature, the humidity rate used should be more than 90%, causing a higher probability of moisture and 
condensation inside. This strategy may have the opposite effect on the smart living lab, decreasing the level of 
comfort of users. 
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Figure 59: Evaporative cooling potential. The graph shows external and wet bulb temperature for the whole cooling season 
 
5.5.3. Natural ventilation 
The potential of natural ventilation is very difficult to assess and estimate, due to the variety of parameters from 
which it depends. However, it is possible to find how to simplify approaches that lead to a correct evaluation. For this 
study, the method reported by Givoni, refined by Watson and Labs and implemented in the software Climate 
Consultant is used[51],[52],[53].  
 
Natural ventilation relies on pressure difference to move fresh air from outside to inside the buildings. This difference 
can be caused by wind or temperature swift. It is clear that the dependency on openings size, placement and 
orientation is predominant. However, it is important to analyze if the resources available can be used or not for this 
purpose, especially with regards to the comfort target value set. It is important, in fact, to remember that the air 
introduced with the windows opening is not treated and could be a cause of discomfort during the occupied hours.  
The parameters involved are: 
 Wet bub temperature (Twb), that should be below 22.8°C 
 Velocity of air flow (Vf), that should be more than 2 m/s 
 Relative humidity (Ur), indicated as lower than 90%, in this study the threshold of 70% is also assessed 
according to the target value 
 External temperature (Text) that should have a difference between the internal (Tb) between 5°C and 20°C 
 
The first three are related to the comfort requirements chosen, while the last one is the expression of the pressure 
difference needed to cause a movement of the air. The lower limits give the minimum difference necessary; the 
upper one, instead, is given for avoiding the risk of overcooling. The calculation is made on the daily average value. 
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   ALL THE REQUIREMENTS (90) 43 
   WEB BULB TEMPERATURE > 22 °C 1 
   WIND SPEED < 2 m/s 57 
   RELATIVE HUMIDITY > 70% 66 
   RELATIVE HUMIDITY > 90 % 2 
   dT <5°C o dT>20°C 33 
Table 23: Percentage of days during the cooling season that meet or not the requirements 
 
 
Figure 60: Natural ventilation potential. The graph shows the difference between external and wet bulb temperatures compared 
with levels of air humidity 
It is possible to notice in Table 23 that only 16% of the days in the cooling season is inside the boundaries set, however 
the potential due to the temperature is quite high. The wind is not stable and the low velocity can make the 
ventilation ineffective due to the low pressure. However, the limiting factor is the humidity, and only 24% of the days 
have a value below 70%. If the threshold for it is increased to 90% of Ur, the possibility of using these strategies rise 
up to 43%. Considering that overheating is not the main issue inside, according to the case study analysis, it is possible 
to accept a maximum deviation allowed from the humidity target value for discrete periods of time. In this way, if 
cooling necessity occurs, for a shorter time during the day, it is possible to active natural cooling and accept Ur up to 
90%. The research phase, with simulations and detailed design, will allow to quantify this limit due to the internal 
assessment.  
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The high potential due to temperature shift during the day opens the possibilities for using exchange strategies during 
the night time. Low external night temperatures as reported in Fribourg, are a real resource for office building. During 
the night time, when the spaces are not occupied, it is in fact possible to discharge the heat stored during the working 
hours with lower strictness on internal comfort target values. The potential of this strategy is evaluated through a 
factor, called climatic cooling potential (CCD), which is the equivalent of the degree days but weighted on the night 
time. The criteria of evaluation is defined around a value of 80Kh, calculated as the minimum value for discharging a 
gain of 50W/m2 in 8 hours with an air change rate of 6 ACH[54]. According to this, the potential is defined as: 
 CCP<60Kh very low  
 60<CCP<120Kh promising potential 
 CCP>120Kh high potential but risk of overcooling. 
 
The principal parameters is the difference between the night temperature (Tn) and the inside temperature (Tb). In 
order to consider the dynamic and cyclical behavior of the building, Tb is calculated as a sinusoidal function on the 
night ventilation activation time, floating around the temperature that is set as internal requirement. The climatic 
cooling potential is then defined as the sum of all the hours, during the activation time (assumed from 20 pm to 07 
am), in which the difference between Tn and Tb is higher than a value defined as threshold, suggested equal to 
3°K[55]. 
 
 
Figure 61: Night ventilation potential. The graph shows internal and external temperature for 21 -22-23 July, as well as relative 
humidity (critical parameter). 
In Figure 61 are plotted the three worst night, defined as the ones with the lowest temperature potential, during the 
summer period. It is possible to notice that there is still a differential between the external temperature and the 
internal one, making the strategy a resource for natural cooling. However, the relative humidity nighttime is higher, 
due to the lower temperature, signing a limit that must be considered. 
 
According to the definition, the lowest CCP possible for Fribourg is equal to 87Kh, signing a great potential of the 
night cooling and discharge of gains during the night. However, as it can be seen on the graph, relative humidity is 
still the main criticism. As for natural ventilation, it is possible to define a limit of acceptability from the deviation of 
the target value to implement night ventilation, should the need for cooling arise. In this case, the value of this 
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threshold will be led only by the internal gains discharge issue and not comfort, because it takes place during the 
non-occupied hours. It is possible, therefore, that the use of this strategy will be more implementable in the design, 
in relation to the health and moisture requirements. 
 
5.5.5. Passive energy draft 
Understanding the potential of bioclimatic strategies is very difficult, because they are all strictly dependent on 
architecture, design and technological installation integrated in the building. Considering that the smart living lab will 
be highly innovative in terms of methodology of design, due to the life cycle driver, it is possible that the potential of 
each passive strategy will change consistently during the analysis. It is also possible that the requirements will change 
and, as a consequence, the way to treat resources. For example, as demonstrated, cooling may be an issue in the 
future and, therefore, since that the potential of exchange is low, working on the heat source inside the building will 
be necessary (removing internal gains). This analysis, however, is the first tool to define a draft of energy concept 
and indicate in which way the optimization process should go on.  
 
Based on these assumptions, it is possible to define a radar of passive strategies that can show which one will be 
developed inside the building and which one does not have a great potential. 
 
Figure 62: Radar of the future implementation and development of passive strategies inside the design optimization process 
From Figure 62Erreur ! Source du renvoi introuvable., it is possible to understand that the design will try, in the first 
place, to limit the thermal losses and maximize the heat gains. This solution is directly driven by the research 
priorities, defined by the case study analysis and the passive strategies potential, deducted by the external context 
and the internal target values. From the general strategy it is possible then to defined different families of spaces, 
according to the internal requirements defined for each zone. The procedure is the same that it is used in the 
flexibility field: grouping the functional spaces according to the similarity of requirements. The grouping, however, is 
different because for the energy concept it is important to look at comfort target values, while for flexibility it is based 
on a wider range of values, including construction and technological systems.  
 
Based on the results of the case study, the clustering is made on the heating need, which are the most relevant and 
critical. In Figure 63 there are shown the spaces on a double axis: lighting requirement and heating need. Spaces have 
been ranked according to the internal requirements defined in Annex I.  
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Figure 63: Disposition of the use spaces in the chart lighting/thermal requirements 
It is possible then to clustering spaces on this basis: 
 Group A, High lighting – low heating : experimental hall, meeting room 
 Group B, Low lighting –high heating: bathroom, auditorium 
 Group C, High lighting – high heating: open office, working spaces, living spaces 
 Group D, Low lighting – low heating: sleeping spaces, transitional spaces, cooking spaces 
 
Based on the group it is possible to define a set of criteria for the first draft of the energy concept related to the 
passive field. 
 
PARAMETER GROUP A GROUP B GROUP C GROUP D 
U value SIA target value SIA target value SIA target value SIA target value 
Orientation east – west - north east - west south north 
Porosity high normal high normal 
Air exchange controlled controlled controlled controlled 
Heat gains avoid exploit exploit avoid 
Shading system glare + gains glare  glare glare + gains 
Table 24: Draft of the energy concept related to different space groups 
Regarding the bioclimatic strategies related to the cooling season, the research will indicate if it is necessary to 
implement them inside the smart living lab concept or not. The application of each will be checked and cross 
regarding the requirements and the possibilities. For example, if natural ventilation is necessary to cool down the 
indoor spaces, but the external condition does not meet the comfort requirements (for humidity content of 
temperature) that it will be not used or it will be implemented during non-occupied hours and for limiting periods.  
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5.6.  Conclusions 
The state of the art highlights different important conclusions that will determine the direction of the future step in 
the research program. Starting from the Kaya factor optimization, the first step is to define the energy concept that 
could minimize the operational energy, to understand where, at the present time, is the current technology on the 
life cycle point of view. To define this, it is important to characterize the context beforehand.  
 
In the first part, the internal comfort requirements are defined. It has been important to set limits for all the 
parameters that play an important role in the users’ sensation and for the parameters that can cause health or 
technical problem. An example is the threshold for relative humidity, which has been fixed to 70% maximum, due to 
the moisture problems that can facilitate the fungal growth and the deterioration of materials.  
 
The definition of the external context was the second step, in order to define an energy concept that can be specific 
to the smart living lab purpose. From the environmental point of view, there are no big constraints that can affect 
the design. However, the site presents several features that can be better exploited and investigated: industrial waste 
availability and easiness to implement geothermal probes on all. The analysis of the context focused then on the 
climatic conditions of Fribourg. The low temperature and relatively high humidity are the parameters that 
characterized the zone. The geological conformation of the land and the high rate of rainy days and cloud covering 
make the site critical on the moisture point of view. Analyzing the future trend, it is possible to see that this tendency 
will not be smoother in 2050. Climate is changing and going towards stronger summers, temperature will rise and, 
due to the greenhouse gas emission, sky coverings will be higher. Humidity, rainy days and direct radiation will, on 
the long term, change the relationship between resources availability and therefore, passive strategies potential. The 
energy concept must be validated on both time levels to assess the sensitivity of the smart living lab concept to 
climate change. On the other hand, regarding the renewable resources available in situ, there are some strengths 
and some weaknesses related also to the renewable energy production. 
 
A strength is that the solar resource is present in a strong way in situ, even if it is not distributed evenly. Almost the 
50% of the radiation is concentrated in three months (May-June-July). This is a problem for the matching of the 
requirements of the building (that are higher during the winter) with the solar radiation (lower in winter). Anyways, 
just generating electricity through photovoltaic system does not seem sufficient to cover the requirements of the 
Smart Living Lab during the whole year, or at least without using an energy storage for a seasonal time. The weakness 
is that other "traditional" renewable resources for the production of electrical energy cannot be used. The wind’s 
average annual speed is too low, which does not allow the use of this source for energy purposes. However, 
considering that the electricity from the grid in Switzerland is one of the cleanest in the world, if it will be not possible 
to produce independently all the energy that the Smart Living Lab requires, it is more sustainable use the one from 
the grid. In this sense the heat pumps, with their small consumption of electricity, are an excellent solution for SH 
and DHW. 
 
A deep analysis on case studies, to understand exactly the state of the art of the Minergie examples, has also been 
addressed. The investigation confirms that thermal loads are the main issue in Switzerland and, therefore, the passive 
strategies should focus on the heating season. These cases are, however, not specific to the smart living lab and a 
more accurate assessment will be done to see if, coupled with the future climate, cooling may become an issue. In 
general, looking at the renewable integration and smart energy production, they all suggest to not use particularly 
innovative or complicated technologies to provide energy for the building. They use wisely all the current 
technologies (like PV, Heat pump). Therefore, it will be useful to follow this path and possibly combine innovative 
systems for study or research, but do not base the whole energy concept of Smart Living Lab on that kind of systems. 
Always speaking of active systems, it is clear that some solutions are advantageous, from an efficiency point of view, 
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and they must serve other buildings of the BlueFactory site and not only the Smart Living Lab (ex. biomass power 
plant with power generation and heat recovery). 
 
Thanks to the analysis, it is possible to define the first energy concept, which will be developed and implemented due 
to the sensitivity analysis related to climate, use and requirements change. The design will be checked from an LCA 
point of view, trying to find the optimum to the Kaya factor. It is clear that optimum does not mean minimization, so 
it may be possible to re-design the energy concept that will not aim at minimizing the operation phase energy but 
will be validated on the balance with the embodied energy. 
 
 
5.7.  Research topics  
How may short lifespan components have an influence on comfort regarding the passive strategies field? 
Passive strategies are a filter between the internal and the external context, from the other point of view, it is possible 
to say that are the filter between weather and users, and act on the buildings level. However, it is still not clear if, 
related to the division into the primary and secondary project given by the state of the art in flexibility, they are 
influenced or not by the life span and the users interaction. It will be important during the research to understand 
which is the extent of the influence of lifespan of components to the passive field. Assuring passive strategies related 
to the secondary building, and so more close to users and more flexible to change, could be an important adding 
value to the customization of the internal environment according to users’ preferences and assumptions’ changes. 
However, deeper analysis must be taken to understand whether it is possible to implement the energy concept with 
in the shorter lifespan components or not and regarding the feasibility of this process.  
  
How to implement inertia, if needed, into the smart living lab regarding to the life cycle target values? 
The program is focused on the achievement of target value for the whole life cycle of the building, considering 
therefore the energy and the emissions used for processing materials. From the state of the art of the LCA field, it is 
possible to notice that concrete is one of the major contributors to the increase of the total embodied energy; for 
this reason the inertia issue must be considered carefully into the smart living lab. If it will be needed for assuring 
comfort, a deep analysis on the possibilities to implement it into the design must be assessed. From the state of the 
art it is possible to understand that inertia components are important into the Swiss climate to play into the building’s 
system as thermal tank, however, there are not deep studies about the correlation of the role of concrete for comfort 
and not structural reason into the LCA. On the other hand all the studies are focusing on new materials, as phase 
change material, for addressing the comfort issue, even if it is not clear the relationship on the life cycle point of view.  
When it will be defined the total amount of inertia needed inside the smart living lab, it will be possible to understand 
in which way it is better to proceed: 
 Implement traditional inertial material (concrete) 
 Implement innovative artificial massive components (phase change materials) 
 Implement low technological but high innovative materials (sand, soil, water..) 
 
How to address the users interaction into the program? How to consider the influence of occupants inside the 
operating phase? 
Users behavior can change operating energy of a factor of three, depending on the buildings characteristic and the 
users awareness to the theme of energy saving. In high efficiency building, the system is studied to work directly on 
external stimuli, bypassing the occupants; however, the most recent projects try to leave to users the possibility to 
adapt building’s system according to their preferences. It is clear that if users interact with the equipment, then the 
performances of the building are far from the predicted ones, under the statically/statistical approach of simulations. 
Therefore, it is important to understand how it may be possible to guarantee change-efficient building, which could 
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mean either a strong robustness of the design or a high capability to adapt and change according to needs. The 
research phase will also try to answer these questions, analyzing the sensitivity of the smart living lab to changes in 
assumption and understanding which should be the optimum way to achieve the target in every scenario. 
5.8.  ANNEX 1 
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COMFORT  OPTIMUM APCETTABLE MAX DEVIATION 
ALLOWED 
REFERENCES 
thermal Top 
[°C] 
Winter: 
22 
 
21 / 24.5 
 
Nh20 <5% 
SIA 180, EN 15251 
ASHRAE 55 
Summer: 
Mc: 24.5  
Fc: 
0.33Trm+18.8 
 
Mc:23.5  / 27 
Fc:  
Tn ± 4 
 
Mc: Nh25 <5%  
        Nh28 <1%  
Fc: DhC <5%  
 
Dt 
[°C/h] 
0 2.2°C in 1h  SIA 180, EN 15251 
Ts 
[°C] 
Top 19 / 29  SIA 180, EN 15251 
Ra 
[°C] 
vertical:  
walls cool:  
wall warm:  
ceiling cool:  
ceiling warm:  
3°C 
10°C 
20°C 
15°C 
5°C 
 SIA 180, EN 15251 
humidity Ur 
[%] 
30 / 60 80 Uax < 15.2 g/m3 
Out of limits for less 
than 5 consecutive days 
EN 15251 
air quality Vr 
[m/hper] 
- 36   SIA 2024, SIA 380/1 
V 
[m/s] 
- Mo: 1.2  
So: T<22.5: 
0.15  
       T>22.5: 0.8  
 EN 15251 
C 
[ppm] 
400 / 600 < 1000   EN 13779 
lighting E 
[lux] 
750 500   EN 12464-1 
Uo 0.7 0.6  EN 12464-1 
UGR - 19  EN 12464-1 
DGP 0.35 0.45  CISBE code for 
lighting 
CIE 117 
acoustic Db 
[DbA] 
30  45   SIA 181, EN 12354 
Di 
[Db] 
- 52  SIA 181 
De 
[Db] 
- 27  SIA 181 
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L’ 
[Db] 
- 53  SIA 181 
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COMFORT  OPTIMUM APCETTABLE MAX DEVIATION 
ALLOWED 
REFERENCES 
thermal Top 
[°C] 
Winter: 
22 
 
19  / 25 
 
Nh19 <5% 
SIA 180, EN 15251 
ASHRAE 55 
Summer: 
Mc: 24.5  
Fc: 
0.33Trm+18.8 
 
Mc:23 / 28 
Fc:  
Tn ± 4 
 
Mc: Nh28 <5%  
         
Fc: DhC <5%  
 
Dt 
[°C/h] 
0 2.2°C in 1h  SIA 180, EN 15251 
Ts 
[°C] 
Top 19 / 29  SIA 180, EN 15251 
Ra 
[°C] 
vertical:  
walls cool:  
wall warm:  
ceiling cool:  
ceiling warm:  
3°C 
10°C 
20°C 
15°C 
5°C 
 SIA 180, EN 15251 
humidity Ur 
[%] 
30 / 60 80 Uax < 15.2 g/m3 
Out of limits for less 
than 5 consecutive days 
EN 15251 
air quality Vr 
[m/hper] 
- 36   SIA 2024, SIA 380/1 
V 
[m/s] 
- Mo: 1.2  
So: T<22.5: 
0.15  
       T>22.5: 0.8  
 EN 15251 
C 
[ppm] 
400 / 600 < 1000   EN 13779 
lighting E 
[lux] 
- 500   EN 12464-1 
Uo - 0.6  EN 12464-1 
UGR - 19  EN 12464-1 
DGP 0.35 0.45  CISBE code for 
lighting 
CIE 117 
acoustic Db 
[DbA] 
30  45   SIA 181, EN 12354 
Di 
[Db] 
- 52  SIA 181 
De 
[Db] 
- 27  SIA 181 
L’ 
[Db] 
- 53  SIA 181 
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COMFORT  OPTIMUM APCETTABLE MAX DEVIATION 
ALLOWED 
REFERENCES 
thermal Top 
 [Db] 
Winter: 
22 
 
18 / 26 
 
Nh18 <5% 
SIA 180, EN 15251 
ASHRAE 55 
Summer: 
Mc: 24.5  
Fc: 
0.33Trm+18.8 
 
Mc:22.5  / 30 
Fc:  
Tn ± 4 
 
Mc: Nh30 <5%  
         
Fc: DhC <5%  
 
Dt 
[°C/h] 
0 2.2°C in 1h  SIA 180, EN 15251 
Ts 
[°C] 
Top 19 / 29  SIA 180, EN 15251 
Ra 
[°C] 
vertical:  
walls cool:  
wall warm:  
ceiling cool:  
ceiling warm:  
3°C 
10°C 
20°C 
15°C 
5°C 
 SIA 180, EN 15251 
humidity Ur 
[%] 
30 / 70 80 Uax < 15.2 g/m3 
Out of limits for less 
than 5 consecutive days 
EN 15251 
air quality Vr 
[m/hper] 
 36   SIA 2024, SIA 380/1 
V 
[m/s] 
 Mo: 1.2  
So: T<22.5: 
0.15  
       T>22.5: 0.8  
 EN 15251 
C 
[ppm] 
400 / 600 < 1000   EN 13779 
lighting E 
[lux] 
- 100 
 lift: 200 
 EN 12464-1 
Uo - 0.4  EN 12464-1 
UGR - 28 
Stairs 25 
 EN 12464-1 
DGP 0.35 0.45  CISBE code for 
lighting 
CIE 117 
acoustic Db 
[DbA] 
30  45   SIA 181, EN 12354 
Di 
[Db] 
- 47  SIA 181 
De 
[Db] 
- 22  SIA 181 
L’ 
[Db] 
- 58  SIA 181 
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A
u
d
it
o
ri
a 
COMFORT  OPTIMUM APCETTABLE MAX DEVIATION 
ALLOWED 
REFERENCES 
thermal Top 
[°C] 
Winter: 
22 
 
21 / 24.5 
 
Nh21 <5% 
SIA 180, EN 15251 
ASHRAE 55 
Summer: 
Mc: 24.5  
Fc: 
0.33Trm+18.8 
 
Mc:23.5  / 27 
Fc:  
Tn ± 4 
 
Mc: Nh27 <5%  
        Nh28 <1%  
Fc: DhC <5%  
 
Dt 
[°C/h] 
0 2.2°C in 1h  SIA 180, EN 15251 
Ts 
[°C] 
Top 19 / 29  SIA 180, EN 15251 
Ra 
[°C] 
vertical:  
walls cool:  
wall warm:  
ceiling cool:  
ceiling warm:  
3°C 
10°C 
20°C 
15°C 
5°C 
 SIA 180, EN 15251 
humidity Ur 
[%] 
30 / 60 80 Uax < 15.2 g/m3 
Out of limits for less 
than 5 consecutive days 
EN 15251 
air quality Vr 
[m/hper] 
- 36   SIA 2024, SIA 380/1 
V 
[m/s] 
- Mo: 1.2  
So: T<22.5: 
0.15  
       T>22.5: 0.8  
 EN 15251 
C 
[ppm] 
400 / 600 < 1000   EN 13779 
lighting E 
[lux] 
300 200  EN 12464-1 
Uo 0.5 0.4  EN 12464-1 
UGR - 22  EN 12464-1 
DGP 0.35 0.45  CISBE code for 
lighting 
CIE 117 
acoustic Db 
[DbA] 
30  35   SIA 181, EN 12354 
Di 
[Db] 
- 57  SIA 181 
De 
[Db] 
- 27  SIA 181 
L’ 
[Db] 
- 53  SIA 181 
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p
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ta
l h
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l 
COMFORT  OPTIMUM APCETTABLE MAX DEVIATION 
ALLOWED 
REFERENCES 
thermal Top 
[°C] 
Winter: 
21 
 
17.3 / 23 
 
Nh18 <5% 
SIA 180, EN 15251 
ASHRAE 55 
Summer: 
Mc: 24  
Fc: 
0.33Trm+18.8 
 
Mc:22  / 26 
Fc:  
Tn ± 4 
 
Mc: Nh26 <5%  
        Nh28 <1%  
Fc: DhC <5%  
 
Dt 
[°C/h] 
0 2.2°C in 1h  SIA 180, EN 15251 
Ts 
[°C] 
Top 19 / 29  SIA 180, EN 15251 
Ra 
[°C] 
vertical:  
walls cool:  
wall warm:  
ceiling cool:  
ceiling warm:  
3°C 
10°C 
20°C 
15°C 
5°C 
 SIA 180, EN 15251 
humidity Ur 
[%] 
30 / 70 80 Uax < 15.2 g/m3 
Out of limits for less 
than 5 consecutive days 
EN 15251 
air quality Vr 
[m/hper] 
- 36   SIA 2024, SIA 380/1 
V 
[m/s] 
- Mo: 1.2  
So: T<22.5: 
0.15  
       T>22.5: 0.8  
 EN 15251 
C 
[ppm] 
400 / 600 < 1000   EN 13779 
lighting E 
[lux] 
750 500  EN 12464-1 
Uo - 0.6  EN 12464-1 
UGR - 19  EN 12464-1 
DGP 0.35 0.45  CISBE code for 
lighting 
CIE 117 
acoustic Db 
[DbA] 
30  35   SIA 181, EN 12354 
Di 
[Db] 
- 47  SIA 181 
De 
[Db] 
- 22  SIA 181 
L’ 
[Db] 
- 58  SIA 181 
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COMFORT  OPTIMUM APCETTABLE MAX DEVIATION 
ALLOWED 
REFERENCES 
thermal Top 
[°C] 
Winter: 
20.5 
 
18 / 24 
 
Nh18 <5% 
SIA 180, EN 15251 
ASHRAE 55 
Summer: 
Mc: 25  
Fc: 
0.33Trm+18.8 
 
Mc:23.5  / 26.5 
Fc:  
Tn ± 4 
 
Mc: Nh27 <5%  
        Nh28 <1%  
Fc: DhC <5%  
 
Dt 
[°C/h] 
0 2.2°C in 1h  SIA 180, EN 15251 
Ts 
[°C] 
Top 19 / 29  SIA 180, EN 15251 
Ra 
[°C] 
vertical:  
walls cool:  
wall warm:  
ceiling cool:  
ceiling warm:  
3°C 
10°C 
20°C 
15°C 
5°C 
 SIA 180, EN 15251 
humidity Ur 
[%] 
30 / 60 80 Uax < 15.2 g/m3 
Out of limits for less 
than 5 consecutive days 
EN 15251 
air quality Vr 
[m/hper] 
- 36   SIA 2024, SIA 380/1 
V 
[m/s] 
- Mo: 1.2  
So: T<22.5: 
0.15  
       T>22.5: 0.8  
 EN 15251 
C 
[ppm] 
400 / 600 < 1000   EN 13779 
lighting E 
[lux] 
- 200  EN 12464-1 
Uo - 0.4  EN 12464-1 
UGR - 22  EN 12464-1 
DGP 0.35 0.45  CISBE code for 
lighting 
CIE 117 
acoustic Db 
[DbA] 
30  45   SIA 181, EN 12354 
Di 
[Db] 
- 52  SIA 181 
De 
[Db] 
- 27  SIA 181 
L’ 
[Db] 
- 53  SIA 181 
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COMFORT  OPTIMUM APCETTABLE MAX DEVIATION 
ALLOWED 
REFERENCES 
thermal Top 
[°C] 
Winter: 
 
 
16  / 25 
 
Nh169 <5% 
SIA 180, EN 15251 
ASHRAE 55 
Summer: 
Mc:  
Fc: 
0.33Trm+18.8 
 
Mc:26.5 
Fc:  
Tn ± 4 
 
Mc: Nh28 <5%  
         
Fc: DhC <5%  
 
Dt 
[°C/h] 
0 2.2°C in 1h  SIA 180, EN 15251 
Ts 
[°C] 
Top 19 / 29  SIA 180, EN 15251 
Ra 
[°C] 
vertical:  
walls cool:  
wall warm:  
ceiling cool:  
ceiling warm:  
3°C 
10°C 
20°C 
15°C 
5°C 
 SIA 180, EN 15251 
humidity Ur 
[%] 
30 / 60 80 Uax < 15.2 g/m3 
Out of limits for less 
than 5 consecutive days 
EN 15251 
air quality Vr 
[m/hper] 
30 15   SIA 2024, SIA 380/1 
V 
[m/s] 
- Mo: 1.2  
So: T<22.5: 
0.15  
       T>22.5: 0.8  
 EN 15251 
C 
[ppm] 
400 / 600 < 1000   EN 13779 
lighting E 
[lux] 
- 200   EN 12464-1 
Uo - 0.4  EN 12464-1 
UGR - 22  EN 12464-1 
DGP 0.35 0.45  CISBE code for 
lighting 
CIE 117 
acoustic Db 
[DbA] 
25  35   SIA 181, EN 12354 
Di 
[Db] 
- 52  SIA 181 
De 
[Db] 
- 27  SIA 181 
L’ 
[Db] 
- 53  SIA 181 
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COMFORT  OPTIMUM APCETTABLE MAX DEVIATION 
ALLOWED 
REFERENCES 
thermal Top 
 [Db] 
Winter: 
20.5 
 
19 / 25 
 
Nh19 <5% 
SIA 180, EN 15251 
ASHRAE 55 
Summer: 
Mc: 25  
Fc: 
0.33Trm+18.8 
 
Mc:23.5  / 27.5 
Fc:  
Tn ± 4 
 
Mc: Nh28 <5%  
         
Fc: DhC <5%  
 
Dt 
[°C/h] 
0 2.2°C in 1h  SIA 180, EN 15251 
Ts 
[°C] 
Top 19 / 29  SIA 180, EN 15251 
Ra 
[°C] 
vertical:  
walls cool:  
wall warm:  
ceiling cool:  
ceiling warm:  
3°C 
10°C 
20°C 
15°C 
5°C 
 SIA 180, EN 15251 
humidity Ur 
[%] 
30 / 70 80 Uax < 15.2 g/m3 
Out of limits for less 
than 5 consecutive days 
EN 15251 
air quality Vr 
[m/hper] 
- 36   SIA 2024, SIA 380/1 
V 
[m/s] 
- Mo: 1.2  
So: T<22.5: 
0.15  
       T>22.5: 0.8  
 EN 15251 
C 
[ppm] 
400 / 600 < 1000   EN 13779 
lighting E 
[lux] 
- 200 
  
 EN 12464-1 
Uo - 0.4  EN 12464-1 
UGR - 22  EN 12464-1 
DGP 0.35 0.45  CISBE code for 
lighting 
CIE 117 
acoustic Db 
[DbA] 
25  40   SIA 181, EN 12354 
Di 
[Db] 
- 47  SIA 181 
De 
[Db] 
- 22  SIA 181 
L’ 
[Db] 
- 58  SIA 181 
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COMFORT  OPTIMUM APCETTABLE MAX DEVIATION 
ALLOWED 
REFERENCES 
thermal Top 
[°C] 
Winter: 
23.5 
Summer: 
Mc: 27.5  
Fc: 
0.33Trm+18.8 
 
22 / 28 
 
Mc:24  / 28 
Fc:  
Tn ± 4 
 
Nh22 <5% 
 
Mc: Nh28 <5%  
         
Fc: DhC <5%  
SIA 180, EN 15251 
ASHRAE 55 
 
Dt 
[°C/h] 
0 2.2°C in 1h  SIA 180, EN 15251 
Ts 
[°C] 
Top 19 / 29  SIA 180, EN 15251 
Ra 
[°C] 
vertical:  
walls cool:  
wall warm:  
ceiling cool:  
ceiling warm:  
3°C 
10°C 
20°C 
15°C 
5°C 
 SIA 180, EN 15251 
humidity Ur 
[%] 
30 / 70 80 Uax < 15.2 g/m3 
Out of limits for less 
than 5 consecutive days 
EN 15251 
air quality Vr 
[m/hper] 
30 15   SIA 2024, SIA 380/1 
V 
[m/s] 
- Mo: 1.2  
So: T<22.5: 
0.15  
       T>22.5: 0.8  
 EN 15251 
C 
[ppm] 
400 / 600 < 1000   EN 13779 
lighting E 
[lux] 
- 200   EN 12464-1 
Uo - 0.4  EN 12464-1 
UGR - 22  EN 12464-1 
DGP 0.35 0.45  CISBE code for 
lighting 
CIE 117 
acoustic Db 
[DbA] 
40  50   SIA 181, EN 12354 
Di 
[Db] 
- 47  SIA 181 
De 
[Db] 
- 22  SIA 181 
L’ 
[Db] 
- 53  SIA 181 
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6. Conclusions 
 
 
The state-of-the-art report is aimed at finding the current available scientific knowledge regarding the research 
fields within the smart living lab building 2050 program.  
 
Concerning the 2050 goals, the first challenge was to define the targets. According to the literature, we have 
chosen to follow the 2,000-Watt Society model, which is a political and scientific way to outline a sustainable 
society that would tackle climate change. Three main impacts will be assessed: the cumulative energy demand, the 
non-renewable cumulative energy demand and the global warming potential indicator. Thanks to both top-down 
and bottom-up approaches, we were able to define objectives at the smart living lab building component level. 
 
The LCA research field enabled us to understand the performance of current best practices. It shows that none of 
the three analyzed impacts (CED, CEDnr, GWP) reaches in the same time the 2,000-Watt Society model. Also, there 
is no correlation between operating impacts and embodied impacts. For example, a very efficient building for 
operating energy could have a high or low embodied impact. The only strong correlation that has been observed is 
between the CEDnr and GWP impacts. Analyses also demonstrate that it is harder to reach the GWP than the CEDnr 
goals. Thus, instead of always using the three analyzed impacts (CED, CEDnr, GWP), we will also be able to only 
consider two of them: GWP and CED. Regarding the research scope, we have noticed that the building field is well-
covered by LCA studies, whereas there is comparatively very few scientific material about induced impacts of 
buildings’ related mobility and food issues. As a last point, the literature enabled us to choose the database and 
tools that will be relevant for us in the next research phase. 
 
As a second point, we have come up with a definition of the flexibility of the smart living lab building. Taking into 
account that it has to be a very efficient building, the flexibility cannot be achieved through a highly multifunctional 
building with a lot of implemented technologies resulting in a high-embodied energy content. Therefore, flexibility 
for the smart living lab means providing at the right time building components and products to the users’ 
requirements and changes. This leads to separate the building components at every lifecycle steps, this according 
to two different parameters: the component lifetime and the interactive level between components and users. 
 
Finally, the energetic strategies research field offers us a deep understanding of the Fribourg climate situation and 
its consequences on the smart living lab building design. This analysis takes into consideration the current climate, 
but also the 2050 predicted climate based on IPCC scenarios. For instance, it reveals that the relative humidity is 
very high during the whole year, reaching frequently 90% at night during the hot season, and that this phenomenon 
will increase till at least 2050. This situation will be specifically taken into account in the future design thanks to 
comfort and health assessments. Moreover, all the available renewable energies were evaluated in order to 
measure their potential within the future building. In the meantime, internal comfort requirements were defined 
according to each different functional spaces of the smart living lab building. This analysis of internal requirements 
and external climate context, coupled with a best practice analysis, enabled us to define the first energy strategies 
suitable for the smart living lab building and its environment. 
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